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Preface 
This report has been prepared by the MRC Institute for Environment and Health (IEH) and the 
Institute of Occupational Medicine (IOM) with support from the International Manganese Institute 
(IMnI).  

It is intended as a comprehensive, authoritative critical review of the potential health effects of 
inorganic manganese compounds. As well as health effects data, the report includes reviews on 
relevant physicochemical properties and the use of manganese and on occupational exposure data, and 
proposes a new health-based Occupational Exposure Limit (OEL) for inorganic forms of manganese. 
Although occasional references are made to organic forms, these have only been included where they 
are of direct value to understanding the impacts of inorganic manganese compounds. 

Although principally intended for use by the European Commission (DG Employment and Social 
Affairs) and its Scientific Committee for Occupational Exposure Limits to Chemical Agents 
(SCOEL), the document’s comprehensive nature and the inclusion of data from worldwide sources 
also make it a valuable reference source for countries and organisations outside the European Union.  

Published data used in the preparation of the report were obtained using structured database searches 
(described in the Annex), supplemented by additional reference material suggested by leading 
international experts on manganese and by data donated by industry. The document’s structure and 
content have been prepared in accordance with guidance from the European Commission on the 
derivation and preparation of occupational exposure limits (CEC, 1999, 1997); and special cognisance 
has been taken of guidance on the qualitative evaluation of human neurobehavioural studies on 
neurotoxicity (CEC, 1997). 
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Executive Summary 
This report presents a critical review of the potential health effects of inorganic manganese 
compounds, together with relevant supporting physicochemical, use and occupational exposure data; 
it proposes a new health-based Occupational Exposure Limit (OEL) for inorganic forms of 
manganese.  

The document’s structure and content have been prepared in accordance with guidance from the 
European Commission on the derivation and preparation of OELs (CEC, 1992, 1999) and guidance on 
the qualitative evaluation of human neurobehavioural studies on neurotoxicity (CEC, 1997). The 
report draws on published data obtained using structured database searches, supplemented by 
additional reference material suggested by leading international experts on manganese and by 
(unpublished) exposure data donated by industry.  

Occurrence and use 
Manganese occurs naturally. It is used in the production of ferrous and non-ferrous alloys, including 
those essential to steel making, and has a number of other uses. Iron and steel production account for 
85–95% of the manganese market worldwide. 

Comparing exposure metrics  
The interpretation and comparison of findings from exposure studies is complicated by the need to 
take into account the different methods used to measure manganese levels, the different metrics used 
to express exposure (e.g. inhalable, total and respirable) and the varying relationships demonstrated 
between the different metrics. Overall, based on a detailed review of available information, an 
inhalable:total ratio of 1.2–3.2:1 and a respirable:total ratio of 0.1–0.5:1 are suggested. 

Human health effects 
High occupational exposure to manganese is known to result in severe neurotoxic signs and 
symptoms, some of which resemble those of idiopathic Parkinson’s disease. The syndrome, which 
may also include psychiatric effects, has become known as ‘manganism’. The clinical symptoms 
associated with manganism, such as movement disorders and neurological dysfunction, have not been 
reported at exposure levels below 5 mg/m3. 

Although pulmonary effects and adverse effects on the cardiovascular system have been associated 
with manganese exposure, neither would be expected at inhalable exposures of 1 mg/m3 or less, and 
neither effect is considered to be key to the establishment of occupational exposure standards. 
Furthermore, although the evidence is limited, the toxicity profiles of manganese do not suggest that 
carcinogenicity or reproductive toxicity are key to an evaluation of occupational exposure standards. 

Recent attention has focused on more subtle, subclinical neurobehavioural/neurotoxicological effects 
that may occur at much lower levels of occupational exposure. These subtle effects are usually 
deterioration in motor function and co-ordination and, as such, may constitute manganese-induced 
changes in the same area of the brain as manganism, that is the basal ganglia and, in particular, the 
globus pallidus. A key aspect to consider is whether such small non-clinical neuromotor effects are 
potential markers (or sentinels) for more serious neurological effects or are unrelated and of little 
consequence in themselves. Overall, it is considered herein that these small non-clinical neuromotor 
effects do represent biologically significant events of relevance to human health. 

Three studies have been identified as the best available basis for setting occupational exposure 
standards. These are the cross-sectional studies of Roels et al. (1992), in a Belgian battery 
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manufacturing plant using manganese dioxide, Gibbs et al. (1999), in a US plant producing 
manganese metal, and Myers et al. (2002), in South African manganese ore mines. Supporting 
evidence is provided by a study by Mergler et al. (1994), in a Canadian plant producing manganese 
alloys. In addition, studies by Lucchini et al. (1999), in Italian manganese alloy production, Crump 
and Rousseau (1999), in Belgian manganese-based chemical production, and Roels et al. (1999), 
following up the Belgian battery manufacturing workers, provide information on the possible 
progression and reversibility of neurological effects. 

Roels et al. (1992) identified adverse effects on reaction time, tremor and hand–eye co-ordination in 
workers exposed to manganese dioxide dust (respirable fraction 0.22 mg/m3 (geometric mean, GM), 
total dust 0.95 mg/m3 (GM), measured by personal sampling). Given the biological plausibility of the 
findings and the good methodological quality of the study, these results appear relatively robust. In 
contrast, the studies of Gibbs et al. (1999) among manganese metal production workers (respirable 
fraction 0.04 mg/m3 (GM), total dust 0.11 mg/m3 (GM), measured by personal monitoring), and of 
Myers et al. (2002), on miners (total dust 0.21 mg/m3 (arithmetic mean, AM), measured by personal 
sampling, equivalent to estimated respirable levels of 0.04–0.08 mg/m3), also of good methodological 
quality, reported no effects. Some patterns in the data reported by Gibbs et al. were suggestive of an 
effect but were not statistically significant. In support of the findings from Roels and colleagues, 
Mergler et al. (1994) also found adverse motor effects, although no effect on cognitive functioning, at 
low levels of exposure, among workers employed in ferromanganese and silicomanganese plants 
(respirable fraction 0.035 mg/m3 (GM), total dust 0.225 mg/m3 (GM), measured by static sampling). 
However, there are concerns about the quality of reporting of this study and, as only results from 
static sampling were reported, it has not been possible to estimate reliably the equivalent respirable 
levels that would have been found had personal sampling been used; therefore, less weight can be 
given to this study. 

Lucchini et al. (1999) confirmed motor function changes identified in a group of ferroalloy workers 
examined in an earlier study (Lucchini et al. 1995) but found no evidence of progressive deterioration 
in these workers, whose exposure to manganese had been reduced in the interim period. Similarly 
Crump and Rousseau (1999) followed up chemical production workers originally studied by Roels et 
al. (1987a,b) and found little or no evidence of progression of neurobehavioural effects. Alongside 
this, Roels et al. (1999) found only some limited evidence for the reversibility of the adverse effects 
previously identified in battery workers who were re-tested following an 8-year period during which 
exposure to manganese dioxide dust had been reduced. 

Experimental data 
Although many of the effects observed in humans have also been demonstrated in experimental 
(animal) models, the existence of important inter-species differences in toxicokinetics and 
toxicodynamics must be recognised. While it appears that data from animal studies on neurotoxicity 
are broadly supportive of findings in human studies, the rodent is more sensitive to manganese than 
are humans.  

Derivation of a health-based standard 
In developing a health-based OEL, it is considered that the human data are sufficient alone, though 
supported by experimental data. The latter have not, therefore, been used quantitatively in the 
derivation of an OEL, herein.  
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The endpoint used to derive an OEL, namely that of small non-clinical neuromotor effects, is 
considered to be: 

• ‘sentinel’ in the sense of occurring typically at lower exposures than other effects; 

• of biological significance (i.e. possibly related to subsequent health effects and not simply a 
nuisance); and  

• demonstrably and quantitatively related to exposure, such that quantitative conclusions about 
exposure-related risks can be drawn with some confidence from the available evidence.  

It is important that the metric used for standard setting is that most closely associated with the critical 
endpoint. The most sensitive endpoint is neurological (i.e. systemic rather than at the principal point 
of entry, the lungs) and the respirable fraction is a good indicator of systemic availability. A large 
proportion of the total or inhalable fraction would, ultimately, enter the gastrointestinal tract, yet 
gastrointestinal absorption is fairly low (~5%) and there is little evidence for manganese toxicity 
following dietary exposure, which further supports the viewpoint that systemic effects are more likely 
to be associated with the respirable fraction.  

It is, therefore, recommended that the most biologically appropriate measure of exposure to airborne 
manganese for evaluating health effects and setting an occupational exposure standard is the 
respirable dust level rather than total or inhalable dust. 

Total dust may vary in particle size depending on the industry sector and the process involved. The 
respirable fraction (hence the respirable to inhalable (or total) ratio) may, therefore, vary widely and it 
is recognised that this has practical implications for setting standards. In processes where the 
respirable to inhalable (or total) ratio is low (as is the case in the study of miners by Myres and 
colleagues), gastrointestinal absorption will be relatively more important and may not be insignificant. 
In these scenarios, a respirable standard alone might not provide sufficient control, so a subsidiary 
inhalable standard is also recommended. 

Owing to poor correlations with airborne levels and the high individual variability of blood and urine 
levels, it is not possible to set a standard based on biological measures of manganese in blood and 
urine. Other biomarkers have, so far, also proved inadequate. 

The relative importance of cumulative versus peak exposure in determining risks is not known, nor is 
it known whether there is a threshold for neurological effects. However, on the evidence available, 
including biological plausibility, cumulative exposure is the best way to represent the time-relatedness 
of manganese exposure and effect for the purposes of setting an OEL. It is also relevant, as it may be 
that not all effects are reversible. 

Thus the occupational standards recommended herein are subject to a number of assumptions: the 
respirable route is the most relevant (i.e. gastrointestinal absorption is not generally of major 
importance); neurological endpoints are sentinel and not irrelevant in terms of worker protection; 
there may be a threshold at which even long-term exposure does not cause detectable adverse effects, 
although the threshold may vary between individuals; and, based on limited evidence, it appears that 
the motor effects are neither all reversible nor progress to clinical disease. 

Consideration of the levels and duration of exposure in the studies by Gibbs et al. (1999) and Myers et 
al. (2002), which found no neurological effects in exposed workers, and the study by Roels et al. 
(1992), which showed adverse neurological effects, offers a basis for determining a no-effect level 
and occupational exposure standards. 

In recommending occupational exposure standards, no uncertainty factors have been applied, as the 
recommendations are based on human data and on non-clinical endpoints that are only detected using 
specific test procedures. Furthermore, the recommendation is based on only a few studies, for which 
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quantitative estimates of cumulative exposure can be made for average working periods of only 
10 years or so. It is not known to what extent exposure for a full working lifetime at the recommended 
level could have a greater impact. 

At the levels recommended below there is no foreseen problem with measurement in an occupational 
setting. A short-term exposure limit is not required. 

Conclusion  
For inorganic forms of manganese, limiting exposure to 0.1 mg/m3 respirable manganese will 
prevent most workers from developing the subtlest detectable effect, that is, a small non-clinical 
decrement in motor neurobehavioural function. 

A supplementary limit of 0.5 mg/m3 inhalable manganese is recommended as a safeguard in 
case the gastrointestinal route, subsequent to inhalation, is not insignificant. 

Recommendations for further research 
In order to understand better the implications of low-level occupational exposure to inorganic 
manganese and, in particular, to elucidate further the importance of subtle neurological effects, a 
number of areas for further research have been identified. Studies are required to: 

• confirm the appropriate ratios for extrapolating exposure between various particle types (total, 
inhalable, respirable) and to determine the influence of various industrial sectors and processes on 
these ratios and levels of exposure; 

• elucidate mechanisms of action of manganese in the brain, to facilitate the development of novel 
easy-to-perform biomarkers for the neurological effects of manganese;  

• further investigate variations in the accumulation of manganese in different brain regions of 
humans, so as to facilitate correlation of brain region accumulation with neurological effects, 
study the control of transport into the brain, and establish whether absorption through the nasal 
bulb is of significance in humans; 

• define and standardise an appropriate suite of neurobehavioural tests for the assessment of the 
various stages of neurological toxicity in humans;  

• investigate the correlation between a suite of neurobehavioural tests and accumulation of 
manganese in brain regions, thereby helping (together with further mechanistic research) to 
identify tests useful in predicting the effects of manganese; 

• establish well-designed neurobehavioural longitudinal epidemiological studies on occupational 
groups exposed to manganese with very clearly defined exposure/uptake characterisation; 

• investigate the relationships between subtle, subclinical, cognitive neurobehavioural changes and 
eventual clinical disease; and  

• investigate the immune systems and responses to infection of exposed workers, to clarify whether 
manganese exposure adversely affects the response to infective challenge. 

 



 
IEH Web Report W17, posted October 2004 at http://www.le.ac.uk/ieh/  

 

7

1 Substance Identification  

1.1 Introduction 
Manganese is a transition metal, and belongs, in the periodic table, to the first series of d-block 
transition metals, which also includes metals such as titanium, chromium, iron, nickel and copper; it is 
the most common transition metal after iron and titanium. Manganese is also an element of group 
VIIb of the periodic table, together with technetium and rhenium. The abundance of manganese in the 
rocks of the earth’s crust is about 1000 mg/kg, varying from 400 mg/kg in some granites to 
1600 mg/kg in ultrabasic igneous rocks and some types of sediments (WHO, 1981). Elemental 
manganese is a grey–white metal, similar to iron but harder and more brittle. Like other transition 
metals, manganese exists in a variety of oxidation states and forms coloured and paramagnetic 
compounds. Manganese also forms various organometallic compounds, including 
methylcyclopentadienyl manganese tricarbonyl, which has been widely used as an antiknock agent in 
petrol. Manganese is one of several transition metals that play an important role in biological systems. 
The main industrial use of manganese is for alloying with other metals to impart hardness, primarily 
to steel. It is also used in the manufacture of paints, pigments, glass, agricultural chemicals and animal 
feed. 

1.2 Nomenclature 
The names, synonyms and chemical formulae of the more commonly used manganese compounds are 
listed in Table 1.1; chemical identification numbers (Chemical Abstracts Service Registry number, 
CAS numbers; European Inventory of Existing Commercial Substances number, EINECS number) 
are shown in Table 1.2. In addition to the compounds listed in Table 1.1, ferromanganese and 
silicomanganese alloys are widely used in steel making and their composition is described in 
Section 4. 

Table 1.1 Names, synonyms, formulae and atomic mass of manganese and some commonly 
used manganese compounds 

Substance Synonyms Formula Atomic/molecular  
weight 

Manganese   Mn 54.94 
Manganese (IV) 
dioxide 

Manganese (IV) oxide, manganic oxide, 
pyrolusite. 

MnO2 86.94 

Manganese (II) oxide Manganese (II) oxide, manganous oxide, 
manganosite, manganese green 

MnO 70.94 

Manganese (II,III) 
oxide 

Manganomanganic oxide, hausmannite Mn3O4 228.81 

Manganese (II) 
sulphate 

Manganese sulphate, manganous sulphate, 
sulphuric acid–manganese salt 

MnSO4 151 

Potassium 
permanganate 

Permanganic acid – potassium salt, 
chameleon mineral, Condy's crystals 

KMnO4 158.04 

Manganese (II) 
carbonate 

Manganous carbonate, rhodochrosite MnCO3 114.95 

Manganese (III) 
fluoride 

 MnF3 111.93 

Manganese (II) 
dichloride tetrahydrate 

Manganous chloride 4-hydrate MnCl24H2O 197.91 

Manganese (II) 
sulphide 

Manganese monosulphide, alabandite, 
manganblende 

MnS 87 

Manganese (II) nitrate  Manganous nitrate Mn(NO3)2 178.95 



 
IEH Web Report W17, posted October 2004 at http://www.le.ac.uk/ieh/  

 

8

Table 1.2 CAS and EINECS numbers for manganese and some commonly used manganese 
compounds 

Substance CAS no EINECS no 

Manganese 7439–96–5 231–105–1 
Manganese (IV) dioxide 1313–13–9 215–206–6 
Manganese (II) oxide 1344–43–0 215–695–8 
Manganese (II,III) oxide 1317–35–7 215–266–5 
Manganese (II) sulphate 7785–87–7 232–089–9 
Potassium permanganate 7722–64–7 231–760–3 
Manganese (II) carbonate 598–62–9 209–942–9 
Manganese (III) fluoride 7783–53–1 232–006–6 
Manganese (II) dichloride 
tetrahydrate 

13446–34–9 231–869–6 

Manganese (II) sulphide 18820–29–-6 242–599–3 
Manganese (II) nitrate  15710–66–4  
 

1.3 Chemical structure 
Crystalline manganese metal has a cubic structure. Manganese exists in a range of oxidation states: 
+2, +3, +4, +6 and +7. Manganese ions form a variety of complexes, particularly as Mn2+. The 
stereochemistry of manganese in the oxidation states of +2, +3 and +4 is normally octahedral, 
whereas in the oxidation states of +6 and +7 it is normally tetrahedral. 

1.4 Classification and labelling 
The labelling phrases applicable to manganese and manganese compounds are shown in Table 1.3. 
These are the phrases with which suppliers to consumers in the European Union are required to label 
their products, in order to indicate health and safety hazards. The criteria for applying different R- and 
S- phrases is set out in an Annex to the European Union Dangerous Substances Directive (Directive 
67/548/EEC), which governs the labelling of chemical substances within the European Union.  
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Table 1.3 Labelling phrases applicable to manganese and manganese compounds 

Substance European Union risk phrases European Union safety phrases 

Manganese R20/21/22–40 
Harmful by inhalation, in contact 
with skin and if swallowed. Possible 
risk of irreversible effects. 

S36/22/45/7 
Wear suitable protective clothing. Do not 
breathe dust. In case of accident or if you feel 
unwell, seek medical advice (show the label 
where possible). Keep container tightly closed. 

Manganese (VI) 
dioxide 

R20/22 
Harmful by inhalation and if 
swallowed. 

S25 
Avoid contact with eyes. 

Manganese (II) oxide R20/21/22–36/37/38 
Harmful by inhalation, in contact 
with skin and if swallowed. Irritating 
to eyes, respiratory system and skin. 

S26/36 
In case of contact with eyes, rinse immediately 
with plenty of water and seek medical advice. 
Wear suitable protective clothing. 

Manganese (II,III) 
oxide 

R36/37/38 
Irritating to eyes, respiratory system 
and skin. 

S26/36 
In case of contact with eyes, rinse immediately 
with plenty of water and seek medical advice. 
Wear suitable protective clothing. 

Manganese (II) 
sulphate (as hydrate) 

R48/20/22 
Harmful: danger of serious damage 
to health by prolonged exposure 
through inhalation and if swallowed. 

S22 
Do not breath dust. 

Potassium 
permanganate 

R8–22 
Contact with combustible material 
may cause fire. Harmful if 
swallowed. 

S17–45–26–36/37/39 
Keep away from combustible material. In case 
of accident or if you feel unwell, seek medical 
advice (show the label where possible). In case 
of contact with eyes, rinse immediately with 
plenty of water and seek medical advice. Wear 
suitable protective clothing, gloves and eye/face 
protection. 

Manganese (III) 
fluoride 

R8 R20/21/22 R36/67/68 
Contact with combustible material 
may cause fire. Harmful by 
inhalation, contact with the skin or if 
swallowed. Irritating to eyes, 
respiratory system and skin. 

S17 S26 S36, S37S39 
Keep away from combustible material. In case 
of contact with eyes, rinse immediately with 
plenty of water and seek medical advice. Wear 
suitable protective clothing. Wear suitable 
gloves. Wear eye/face protection. 

Manganese (II) 
dichloride tetrahydrate 

R22 R36/37/38 R40 
Harmful if swallowed, irritating to 
eyes, respiratory system and skin. 
Possible risk of irreversible effects. 

S26/27 S36/37/38 
In case of contact with eyes, rinse immediately 
with plenty of water and seek medical advice. 
Take off immediately all contaminated clothing. 
Wear suitable protective clothing. Wear suitable 
gloves. In case of insufficient ventilation, wear 
suitable respiratory equipment. 

Manganese sulphide R22 R36/37/38 R48 
Harmful if swallowed, irritating to 
eyes, respiratory system and skin. 
Danger of serious danger to health by 
prolonged exposure. 

S22 S36 
Do not breath dust, wear suitable protective 
clothing. 

Manganese (II) nitrate  R8 R20/21/22 R36/37/38 R40 
Contact with combustible material 
may cause fire. Harmful by 
inhalation, in contact with the skin or 
if swallowed. Irritating to eyes, 
respiratory system and skin. Possible 
risk of irreversible effects. 

S17 S26/27 S36/37 S39 

From Materials Safety Data Sheets provided by commercial suppliers of these materials 
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2 Chemical and Physical Properties 
Elemental manganese is a white–grey, brittle and reactive metal (Table 2.1).  

Manganese (II) (manganous, Mn2+) salts are mostly water-soluble, with the exceptions of the 
phosphate and carbonate. Other manganese (II) compounds include the dihalides (MnF2, MnCl2, 
MnBr2 and MnI2), the gelatinous white hydroxide (Mn(OH)2) and manganese oxide and sulphide 
(MnO, MnS). Complexes formed with the Mn2+ ion are generally weakly coloured (pale pink). 

Hausmannite (Mn3O4) is a mixed oxide and contains both Mn2+ and Mn3+. The manganic (Mn3+) ion 
hydrolyses in weak acid solutions into Mn2+ and MnO2. Manganese (III) and manganese (IV) 
complexes appear to be important in photosynthesis. 

Manganese dioxide (pyrolusite, MnO2) is the most important manganese (IV) compound. It is 
insoluble in water and cold acids. The manganese (IV) ion occurs in blue ‘hypomanganates’. 

Manganese (VI) exists as the deep green manganate ion (MnO2
4  

-), which is only stable in very basic 
solutions. It readily converts into the manganese (VII), permanganate, ion (MnO4-) and MnO2.  

Some of the physical properties of selected manganese compounds are shown in Table 2.1, including 
colour, melting point, density and some indication of solubility in water.  

Table 2.1 Physicochemical data and properties of manganese and manganese compounds 
used in industry 

Substance Description Melting Pt oC Boiling Pt oC Density Solubility 

Manganese Silvery grey solid 1260 2097 7.2 Decomposes in 
water 

Manganese (IV) 
dioxide 

Black solid Decomposes at 
535 

Not applicable 5.10 Insoluble 

Manganese (II) 
oxide 

Grey green – dark 
green solid 

1785 Decomposes at 
1840 

5.37 Insoluble 

Manganese (II,III) 
oxide 

Brownish black 940 Decomposes at 
1040 

5.00 Negligible 

Manganese (II) 
sulphide 

α Polymorph – red 
β Polymorph – green 
γ Polymorph – red 

1610  4.00 Soluble in 
hydrochloric 
acid 

Manganese (II) 
sulphate 

Reddish solid 700 Decomposes at 
850 

3.25 520g/ℓ 

Potassium 
permanganate 

Purple crystalline 
solid 

Decomposes at 
<240 

Not applicable 2.7 63.8g/ℓ 

Manganese (II) 
carbonate 

Pink to white powder 
with almost no odour 

Decomposes at 
>200 

Not applicable 3.7 Less than 0.1% 

Manganese (III) 
fluoride 

Purple powder or 
crystals 

Decomposes at 
>600 

Not applicable 3.54  

Manganese (II) 
dichloride 
tetrahydrate 

Rose coloured 
crystals 

122 
(Dehydrates at 
55) 

 1.913 Soluble 

Manganese (II) 
nitrate hydrate 

Pink diamond shaped 
crystals 

25.8 129.5 1.54 Soluble in water 
and alcohol 
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3 Occurrence 

3.1 Natural occurrence 
Manganese occurs most commonly in nature as oxides (pyrolusite, braunite, manganite and 
hausmannite, Table 3.1), sulphide (in manganese blende and hauerite), carbonate (in rhodochrosite) 
and the silicate (in tephroite, knebelite and rhodamite). It also occurs in most iron ores in 
concentrations ranging from 50–350 g/kg, and as a component in many other minerals. 

Table 3.1 Chemical compositions of some common manganese minerals 

Mineral Chemical name Chemical formula 

Pyrolusite Manganese (IV) dioxide MnO2 
Braunite  3Mn2O3.MnSiO3 
Manganite Manganese oxide hydroxide Mn2O3.H2O 
Bixbyite Manganese sesquioxide Mn2O3 
Hausmannite Manganese (II,III) oxide Mn3O4 
Manganese blende Manganese (II) monosulphide MnS 
Hauerite Manganese disulphide MnS2 
Rhodochrosite Manganese (II) carbonate MnCO3 
Tephroite Manganese silicate ~ MnSiO3 
Knebelite Iron manganese silicate (MnFe)2SiO4 
Rhodamite Manganese silicate ~ MnSiO3 
 

Sedimentary manganese deposits of nonvolcanic origin form the most important economic reserves of 
manganese (Evans, 1980). There are two main types of deposit. The first of these was formed in 
estuarine and shallow marine conditions, to give manganese deposits that occur as rounded earthy 
nodules in beds less than 4.5 metres thick, which overlie clays and are overlain by coarser sediments 
and coal seams. The main ore minerals are pyrolusite, psilomelane, manganocalcite and 
rhodochrosite. The second type of nonvolcanic ore deposit is associated with thick limestone and 
dolomite sequences, and the manganese is present as manganese carbonate. Volcanic–sedimentary 
manganese deposits are more common than the nonvolcanic associations but are less economically 
important. The manganese mineralogy of these deposits is complex and depends partly on the extent 
to which sequences have been metamorphosed. 

South Africa and the former Soviet Union have more than 80% of the world’s land-based manganese 
resources (Table 3.2). Substantial manganese reserves also exist on the deep ocean floor but these are 
currently unavailable for commercial exploitation. 

3.2 Occupational exposure 
The main use of manganese is in the production of ferrous and non-ferrous alloys, including alloys 
that are essential to steel making (WHO, 1981; IMnI information). Iron and steel production accounts 
for 85–90% of the manganese market worldwide (IMnI). Leading end uses of manganese-containing 
steels include products for construction, machinery and transportation. The sources of manganese 
used for alloy production include ferromanganese, silicomanganese and manganese metal (IMnI). 
Manganese is also a key component of some aluminium alloys and manganese oxide is used in dry-
cell batteries (IMnI). Other uses include welding consumables, animal feed supplements, trace 
element fertilisers, paint driers, catalysts, pigments, a colorant in bricks, glass, faience and majolica 
(WHO, 1981; IMnI). Potassium permanganate is used in a variety of applications, including metal 
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cleaning and printed circuit board etching. Manganese phosphation is used to produce toughened 
coatings for products such as firearms (IMnI). 

Table 3.2 World manganese reserves (thousand metric tons)a 

Country Reservesb Reserve basec 

USA 
Australia 
Brazil 
China 
Gabon 
India 
Mexico 
South Africa 
Ukraine 
Other 

Very small 
26 000 
18 000 
40 000 
20 000 
34 000 
4 000 

370 000 
135 000 
Small 

Very small 
72 000 
51 000 

100 000 
160 000 

50 000 
9 000 

4 000 000 
520 000 

Small 
World total 
(rounded) 

660 000 5 000 000 

aFigures from USGS website (www.usgs.gov/minerals/pubs/commodity/manganese)  
bProven reserves workable using existing technologies 
cReserves of sufficient grade, quality and accessibility to be workable, includes reserves that could not be extracted economically at the 
present time  

Manganese metal is used to prepare paint driers, catalysts and alloys. Inorganic manganese 
compounds are used as the source of manganese in all other uses (WHO, 1981; IMnI). 

3.3 Other exposure sources 
The main route of human exposure to manganese is normally in food. The main source of manganese 
in the diet is in cereals, although all foods contain trace amounts of manganese. The WHO (1981) 
reported that the typical daily intake of manganese in European and American diets is between 2 and 
5 mg. The Food Standards Agency (EVM, 2003) has assessed the mean daily dietary manganese 
intake of adults in the UK to be 4.9 mg (about 0.07 mg/kg bw). This compares with 2.5 mg in France 
(Biego et al., 1998), 2.19 mg in Spain (Llobet et al., 1998a) and 3.5 mg in Germany (Becker et al., 
1998). In countries where more cereals and rice are consumed, typical daily intakes range from 5 to 
9 mg (about 0.07–0.13 mg/kg bw). The average intake for children was reported to be about 0.06–
0.08 mg/kg bw and for breastfed or bottle fed infants only about 0.002–0.004 mg/kg. 

There is a small amount of manganese in drinking water and the WHO (1981) estimated that the 
average daily intake in water is about 10–50 µg, with a range of about 2–200 µg. 

The intake of manganese through inhalation of ambient air was estimated by WHO (1981) to be about 
2 µg/day, rising to 4–6 µg/day in the vicinity of foundries and up to 10 µg near ferromanganese or 
silicomanganese industries. Levels of exposure near modern plants are likely to be lower owing to the 
considerable improvements in emissions control technology that have occurred over the last 20 years. 
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4 Production and Use  

4.1 Production  
Manganese ore is an extremely important commodity. The major producers are South Africa and the 
Commonwealth of Independent States (CIS). Other important producers are Australia, Brazil, China, 
Gabon and India. The ore typically contains at least 35% manganese. The International Manganese 
Institute (IMnI) estimates that the annual production of manganese ore between 1982 and 2002 
fluctuated between 20 and 24 million tonnes, representing a yearly average of 7 to 9 million tonnes of 
elemental manganese (Table 4.1).  

Table 4.1 Primary production of manganese by area 

Mine Production: as manganese ore  Mine Production: expressed in terms of 
manganese metal 

1982 2002 1982 2002 

Country 

Ktonnes 
(dry)a 

% Ktonnes 
(dry) 

% Ktonnes %  Ktonnes %  

Australia 
Brazil 
China 
Gabon 
India 
Mexico 
South Africa 
CIS (USSR)b 
Other 

 1 199 
 2 225 
 1 699 
 1 505 
 1 470 
 420 
 5 216 
 9 821 
 590 

5.0 
9.2 
7.0 
6.2 
6.1 
1.7 

21.6 
40.7 
2.5 

 2 209 
 2 327 
 4 238 
 1 706 
 1 575 
 233 
 3 420 
 3 479 
 1 768 

10.5 
11.1 
20.2 
8.1 
7.5 
1.1 

16.3 
16.6 
8.6 

 551 
 823 
 476 
 709 
 441 
 164 
 2 086 
 2 957 
 200 

6.5 
9.8 
5.7 
8.4 
5.2 
2.0 

24.8 
35.2 
2.4 

1 116 
 946 
1 102 
 895 
 591 
 88 
1 537 
1 271 
 576 

13.7 
11.6 
13.6 
11.0 
7.3 
1.1 

18.9 
15.7 
7.1 

World total 
(rounded) 

 24 145 100  20 955 100  8 407 100 8 122 100 

a1982, 2002 Figures from IMnI estimates  
bReplaced CIS by the former USSR for 1982 figures stats 

4.2 Uses 
4.2.1 Steel industry 
4.2.1.1 Overview 
The largest use of manganese is in steel production. The information in this section and the following 
sections about manganese use is largely from IMnI sources.  

The current average consumption of manganese units is 5.5 kg per ton of steel in industrialised 
countries compared with 7 kg per ton in the 1960s. Manganese is required in steel because it enhances 
the strength and hardness, assists in the removal of sulphur contamination and acts as a deoxidising 
agent.  

High strength steels contain over 1% manganese and represent 3–4% of total steel production. Low 
carbon, high strength low alloy (HSLA) steels contain between 0.6 and 2.0% manganese and are 
widely used for oil/gas pipelines, shipbuilding and in transportation equipment to reduce weight. 
Other engineering steels also contain manganese as well as a range of other transition metals. High 
manganese (10–12% manganese) non-magnetic steels are used for products such as retainer rings for 
turbo alternators, collars on oilrigs and as cryogenic steels. Stainless steels usually contain about  
1% manganese together with nickel and chromium, but manganese stainless steels can contain about 
4% manganese with little or no nickel.  
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There are two main steel making routes:  

• integrated steelworks, which process iron bearing ores and use basic oxygen steel (BF) making; 

• minimill steelworks, which remelt scrap/reduced iron sources in electric arc furnaces (EAF). 

The BF system is the main method of steel production and is used for making bulk steels, which are 
subsequently used in construction, heavy engineering and consumer products. EAF remelting is used 
to manufacture the common construction carbon steels. However, more expensive alloy, special and 
stainless grades of steel can also be produced from specialised scrap.  

Most manganese used by the steel industry is in the form of suitable ferroalloys. Two fundamental 
types are used — ferromanganese and silicomanganese. However, in Japan, direct addition of 
manganese ore has been developed to substitute some ferroalloy usage; this is a technology that could 
be extended to other countries. Some integrated steelmakers also use some manganese ore to produce 
acceptable slag chemistry in the basic oxygen steel process. In both steelmaking process routes, alloy 
additions, including ferromanganese and silicomanganese, are made into the molten steel in a ladle 
during tapping to aid dissolution and homogenisation. Further small additions are made after 
secondary treatment, prior to casting, to ensure correct steel analysis. 

4.2.1.2 Ferromanganese alloy  
Several types of ferromanganese alloy can be used in steelmaking. High carbon ferromanganese is a 
widely used manganese alloy in the steel industry and is prepared in smelting furnaces from 
manganese bearing ores with manganese contents of 10–50% combined with a source of iron units. 
High carbon ferromanganese is the form commonly used in introducing the element into molten steel. 
It contains 60–80% manganese, and no more than 1.25% silicon, 0.35% phosphorous, 7.5% carbon 
and 0.05% sulphur; it is produced in either a blast furnace or in an electric furnace. 

Refined ferromanganese is used in the steel industry where limitations on carbon content are imposed. 
Production is by further refining of molten high carbon ferromanganese with oxygen or mixing 
molten silicomanganese with manganese ore. There are two main grades of refined ferromanganese: 

medium carbon ferromanganese contains a maximum of 2.0% carbon  
and 75–85% manganese;  

low carbon ferromanganese contains a maximum of 0.05–0.75% carbon  
and 76–92% manganese.  

Sometimes manganese metal is used as a substitute for low carbon ferromanganese.  

4.2.1.3 Silicomanganese 
Silicomanganese is an alloy of manganese and silicon, and is growing in use in the steel industry. It is 
prepared in a similar way to high carbon ferromanganese but with the addition of silica, usually in the 
form of quartz. It is only produced in electric furnaces. There are two grades of silicomanganese: 

silicomanganese contains 60–75% manganese, 12.5–21% silicon and no more than  
2.5% carbon; 

low carbon silicomanganese, sometimes used in the production of stainless steels,  
contains 63–66% manganese, 25–30% silicon and no more than 0.8% carbon. 

Table 4.2 summarises the use of manganese within the steel industry. 
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Table 4.2 The use of manganese in the steel industry 

Use Proportion of manganese 

Average consumption in steel 
production 

5.5 kg Manganese per ton of steel  

High strength steels Contains over 1% manganese  
High strength low alloy steels (HSLA) 0.6–2.% Manganese  
High manganese non-magnetic steels  10–12% Manganese  
Stainless steel About 1% manganese, nickel, chromium  
Manganese stainless steels Can contain about 4% manganese, (little or no) nickel  
High carbon ferromanganese 72–80% Manganese, no more than 1.25 silicon,  
 contains 0.35% phosphorus, 7.5% carbon and 0.05% sulphur maximum 
Medium carbon ferromanganese 75–85% Manganese, 2.0% carbon (maximum) 
Low carbon ferromanganese 76–92% Manganese, 0.05–0.75% carbon 
Standard silicomanganese 60–75% Manganese, 12.5–21% silicon and 2.5% carbon maximum 
Low carbon silicomanganese 55–67% Manganese, 25–35% silicon and 0.1% max carbon 
 

4.2.2 Other metallurgical uses 
4.2.2.1 Manganese metal 
Manganese metal is often used in metallurgy for alloying and in non-metallurgical applications it is 
dissolved to form salts or other chemical compounds.  

4.2.2.2 Aluminium alloys 
Small amounts of manganese (1.5%) are added to aluminium alloys to enhance corrosion resistance. 
The main use of aluminium manganese alloys is for drinks cans. About 23 million tons of aluminium 
are produced annually. 

4.2.2.3 Copper alloys 
Small amounts of manganese (0.1–0.3%) are also added to copper alloys, in order to deoxidise the 
alloy and improve its castability and strength. Higher levels of manganese are found in copper alloys 
for specific applications, such as the manufacture of the bimetallic strips used in temperature control 
devices fitted to vehicles. The addition of manganese to copper alloys is usually done with master 
alloys, for example coppermanganese, an alloy containing 24–27% manganese. Only about two 
million tons of copper alloy are produced annually. 

4.2.2.4 Magnesium alloys 
Small amounts of manganese (0.1–0.3%) are added to certain grades of magnesium alloys to improve 
corrosion resistance and impart certain mechanical properties. 

4.2.2.5 Other uses 
Manganese is alloyed with a range of other metals for other, highly specialist applications, mostly 
within the electronics industry. 

Manganese is a minor but indispensable component of welding consumables. Most consumables 
contain less than 6% manganese. The forms in which it is used include ferromanganese, 
silicomanganese and manganese carbonate. 
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4.2.3 Non metallurgical uses 

4.2.3.1 Alkaline/dry-cell batteries 
The main non-metallurgical use of manganese is dry-cell batteries. Electrochemically active 
manganese dioxide is used to oxidise zinc in a controlled manner in order to generate electric current. 
Produced for over 100 years, the older zinc-carbon technology can use either natural or synthetic 
forms of manganese dioxide, while the newer (since the 1970s) high performance alkaline technology 
requires the use of pure electrochemically deposited manganese dioxide, also called EMD. Over 
30 billion cells are produced worldwide, requiring over 350 000 tons of manganese dioxide in various 
forms. 

The manganese dioxide is supplied as a dry powder with an average particle size of around 
45 microns. In the manufacture of zinc-carbon cells, mixing the manganese dioxide with carbon 
black, which adds electronic conductivity, and a saline electrolyte, makes a cathode. A controlled 
amount is then pressed into a cylindrical ‘bobbin’ and inserted into a zinc can (the anode) containing a 
paper separator. A carbon rod is then inserted into the bobbin, which provides electrical contact to the 
cathode, a seal is added and the cell is closed to prevent leakage and evaporation of electrolyte. 

In the manufacture of alkaline cells, high purity electronic manganese dioxide is mixed with graphite 
and potassium hydroxide electrolyte. A controlled amount is formed at high pressure into a cylindrical 
cathode ring. Several of these rings are inserted into a steel can and repressed to insure good electrical 
contact. A fibre separator is added, followed by a gel of fine particle, high purity zinc powder 
immersed in potassium hydroxide solution (the anode). A brass nail is inserted into the anode to 
provide electrical contact, the cell is sealed and closed to provide leakage resistance. Mercury was 
added to early versions of alkaline cells to control hydrogen gassing of the anode; today nearly all 
cells produced are mercury-free. The annual world production of electrolytic manganese dioxide for 
dry-cell manufacture in 2000 was 160 000 tons. The annual world production of electrolytic 
manganese dioxide for dry-cell manufacture in 2002 was 167 000 tons. 

4.2.3.2 Pigments 
Many manganese compounds are strongly coloured and they have, therefore, been used as colorants 
in a variety of contexts. Manganese dioxide is used to colour bricks and tiles and as a pigment in 
paints. Manganese dioxide is also used in printing and in dyeing textiles. Manganese sulphate is also 
used in dyeing and in red glazes on porcelain. Manganese pyrophosphate, commercially known as 
manganese violet, is used to colour cosmetics such as mascara and eye shadow. Other ingredients can 
include titanium dioxide, talc and zinc or magnesium stearate.  

4.2.3.3 Paint driers 
Several manganese compounds are able to promote the drying of paints and similar substances. 
Primary ‘driers’ are metal salts of carboxylic acids, which accelerate the drying process by 
undergoing a redox reaction. They are manufactured by mixing manganese metal with a solvent and a 
C8 to C10 carboxylic acid. They are produced commercially as either 10% or 16% manganese 
preparations; the process varies slightly according to the manufacturer. Examples include manganese 
octoate, which is used as a primary drier in dark paints and stove enamels, and manganese acetate. 
Manganese dioxide is also used as paint dryer and manganese borate is used as a dryer in varnishes 
and for linseed oil. 

4.2.3.4 Animal feed 
In some areas soils are naturally deficient in manganese, and animals grazing on these soils may 
suffer symptoms of manganese deficiency, such as impaired growth. Animals may therefore be fed 
supplementary manganese in feed supplements containing inorganic manganese compounds. 
Generally, there are no restrictions on which animals can be fed manganese supplemented feeds and 
the quantity of manganese supplementation that is desirable. The permitted additives are as follows: 
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• manganese (II) carbonate 

• manganese (II) chloride tetrahydrate 

• manganese (II) hydrogen phosphate trihydrate 

• manganese (II) oxide 

• manganese (IV) oxide 

• manganese (II) sulphate tetrahydrate  

• manganese (II) sulphate monohydrate. 

These are used to prepare animal feed supplements, which contain up to 250 mg of manganese per 
kg of food. In practice, premixes, containing the essential elements in the correct proportions, are used 
at large feed mills. The feeds to which premixes are added include wheat, maize and barley. After 
mixing, the finished animal feed supplements are usually extruded and supplied as nuts, pellets or 
‘pencils’. 

4.2.3.5 Trace element fertilisers 
Plants and soils are often deficient in manganese and this can be corrected by the use of an 
appropriate fertiliser. Manganese sulphate is most often used to prepare trace element fertilisers. 
Manganese complexed by ethylenediaminetetraacetic acid and manganese carbonate are also used to a 
lesser extent. Manganese sulphate for use in trace element fertilisers goes either direct to farmers or 
manufacturers. Around 80% of the manganese sulphate goes to farmers, who dissolve it in water and 
spray the resulting solution directly onto crop leaves (foliar application). Trace element fertilisers are 
made commercially by either mixing different combinations of trace element compounds and 
complexes or dissolving the ingredients in water.  

4.2.3.6 Catalysts 
A number of catalysts used in a wide variety of chemical processes incorporate manganese. For 
example, a manganese acetate is a component of the catalyst used in the production of terephthalic 
acid. Manganese acetate is produced by reacting manganese metal with acetic acid. Manganese 
dioxide is used as a catalyst in the production of artificial flavours, like vanilla, and as an oxidising 
agent in the treatment of uranium ore to produce ‘yellow-cake’ — the ore concentrate from which 
nuclear fuel is made. 

Manganese organometallics are used as intermediates in the synthesis of fine organic chemicals. 

4.2.3.7 Potassium permanganate 
Potassium permanganate is a powerful oxidising agent and a widely used chemical, as it has 
bactericidal and algicidal properties. It is used in the purification of drinking water and treatment of 
wastewater. It is also used for odour control, including deodorisation of discharges from paint 
factories, fish processing plants, and so on. Other uses include bleaching, metal cleaning, printed 
circuit board production and chemical synthesis. Potassium permanganate is produced by thermal 
oxidation of manganese dioxide followed by electrolytic oxidation. 

4.2.3.8 Manganese phosphate coating 
Manganese phosphate is used to produce surface films, which when sealed with oil or wax can protect 
steels for internal or outdoor uses. Manganese phosphating improves wear resistance, prevents 
welding of metals under load and increases lubrication efficiency by oil absorption. It is used for guns 
and other small arms, roller bearings, automotive engine parts and transmission components. 
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4.2.3.9 Manganese ferrite 
Mixed manganese-zinc-iron oxides, called soft ferrites, are widely used in the electronics and lighting 
industry, primarily as components of the power supplies. Normally, refined manganese oxide or 
carbonate are mixed with the appropriate proportion of zinc and iron oxide, formed into the desired 
shape and fired at high temperature to make the right crystal structure. 

4.2.3.10 Maneb 
One of the most widely used manganese-based organometallic compounds is Maneb (manganese 
ethylenebis(dithiocarbamate)). It an agricultural fungicide that has been widely used for controlling 
crop diseases, downy mildew in vines, scab in fruit trees and banana and peanut diseases. Maneb is 
claimed to control a wider range of diseases than any other fungicide. It is available as granular, 
wettable powder, flowable concentrate, and ready-to-use formulations.  

4.2.3.11 MMT 
MMT (methylcyclopentadienyl manganese tricarbonyl) is used as an octane enhancer in gasoline and 
as a combustion aid in some heavy fuel applications.  

4.2.3.12 Fireworks 
Historically, manganese compounds were used in firework production; however, this is no longer the 
case. Manganese compounds are also used in match manufacture.  

4.3 Form in which marketed 
Most of the manganese used in industrialised countries is supplied in the form of alloys. Table 4.3 
shows the approximate annual world production of the key manganese alloys. The form in which 
alloys are supplied depends on their end use but would normally be in the form of lumps or fines, 
either in bulk, bags or drums. Specialty alloys may be supplied as briquettes.  

Table 4.3 Production of manganese alloys for supply to the steel industry 

Alloy Annual world production (t) 2002 

High carbon ferromanganese 
Refined ferromanganese 
Silicomanganese 
Electrolytic manganese metal 

3 198 344 
 703 252 
4 393 672 
 242 000 

From IMnI data 

Electrolytic manganese metal is normally supplied as flakes or as a powder and electrolytic 
manganese dioxide as a powder. These may be contained within drums, boxes or paper bags. 
Manganese chemicals are usually supplied as powders contained within drums, boxes or paper bags. 
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5 Measurement Techniques and 
Analytical Methods 

5.1 Air 
Methods for the sampling and analysis of manganese in air, which are summarised in Table 5.1 at the 
end of the section, generally involve sampling air at a known rate through a filter and measuring the 
amount of manganese deposited on the filter. The concentration of manganese in the air is then 
calculated as the ratio of the mass collected to the volume sampled, usually expressed in units of 
mg/m3 or similar. 

Significant progress has been made in recent years towards standardisation and unification of this 
approach and the sampling criteria used for measurement of airborne dust concentrations in the 
workplace. Central to this has been the development of size selective conventions for (i) the inhalable 
fraction, (ii) the thoracic fraction, and (iii) the respirable fraction. Definitions for these conventions 
have been published by the European Committee for Standardization (CEN, 1993) and have now been 
agreed with all of the other standards setting agencies worldwide (ACGIH, 1993; ISO, 1993). 

The inhalable fraction (EI) defines the size fraction of airborne dust which can enter the respiratory 
tract and has the form 

E1 = 0.5(1 + exp(-0.06D)) 

where D is the aerodynamic diameter of the dust being collected. This is now the definition around 
which most exposure limits are based and replaces the historical concept of ‘total’ dust. In principle, 
total dust was a measure of the concentration of all of the dust present in a sampled volume of air. 
However, in practice, even simple samplers cannot measure true total dust since the sample collected 
is always modified by aerodynamic size selection processes at the sampler entry. Sampling for the 
inhalable (and other) fractions is based on personal sampling, in which samples are collected using 
devices worn by workers during all or part of their work shift. The use of personal sampling devices 
recognises that the exposure of individuals is much more variable (and in most cases higher) than that 
measured by static samplers placed in what are considered representative locations. Several samplers 
have now been shown to be capable of collecting personal samples of the inhalable fraction including, 
most prominently, the IOM inhalable sampler (Mark & Vincent, 1986), and this sampler now appears 
to be the sampler of choice for ongoing investigations in the manganese producer industry as well as 
many other industries. However, many older and most independent studies in the industry have used a 
variant of the Millipore 37 mm cassette sampler to collect personal samples of ‘total dust’. The use of 
samplers of this type has been prevalent in many industries. It is widely recognised that 
concentrations measured by these two devices will not be equivalent owing to differences between 
their sampling efficiencies; the IOM sampler measures apparently higher levels in almost all cases. 
The difference will be dependent on the particle size distribution and will be most marked for coarser 
aerosols. This has been demonstrated both in the laboratory (e.g. Kenny et al., 1997) and in many 
industrial scenarios. Werner et al. (1996) reviewed many of these studies, including prominently those 
carried out in nickel refining. They investigated the ratios of the concentration (IOM/37mm) 
measured by these two samplers in side-by-side sampling exercises in these studies. In general these 
ratios ranged from 1.2–3.0. The ratios had been derived in different ways, including the ratio of 
medians, from the gradient of a weighted least square fit and from the mean (arithmetic or geometric) 
of paired ratios but the authors commented that such differences ‘do not produce very great changes’ 
in the value of the ratios derived. They also considered that although almost all of the ratios had been 
derived from comparisons between IOM samplers and 37mm samplers they were probably relevant to 
other measures of ‘total’ aerosol. While emphasising that, for the purpose of setting occupational 
exposure limits, these ratios should not be applied ‘across-the board’ without good understanding of 
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exposures, in particular occupational scenarios, they suggested ‘working’ conversion factors. In 
scenarios relevant to manganese they suggested the following. 

• Mining, ore handling, transportation of bulk aggregates  2.5 

• Electroplating      2.0 

• Metal smelting and refining     1.5 

• Welding       1.0 

Some organisations such as the Health and Safety Executive now recommend the use of the IOM (and 
other inhalable) samplers and accept that this has resulted in a tightening of the exposure limit where 
no change in the numerical value of the limit has occurred. However, the American Conference of 
Industrial Hygienists recommends inhalable sampling but has yet to clarify its position on whether it 
intends to alter limit values. 

Where investigators have specifically examined the respirable fraction, the apparent mass of 
manganese will have been affected by the changes to the respirable sampling convention used. In 
recent years samples have been collected by devices complying with the new unified CEN/ISO 
respirable convention. This is expressed as a cumulative log-normal function of total airborne dust 
with a median aerodynamic diameter of 4 µm (PM4). Previously the British Medical Research Council 
(BMRC) respirable convention with a slightly coarser median diameter (5 µm) was widely used. This 
would have sampled a slightly greater proportion of aerosol mass than the ISO convention (possibly 
as much as 20%). The exact relationship between apparent masses of dust collected by different 
sampling conventions will be dependent on the particle size characteristics of the dust being sampled. 

The UK Health and Safety Executive has published methods for sampling both total inhalable and 
respirable dusts (HSE, 2000). Recommended samplers for the collection of inhalable dust include the 
multi-orifice and IOM samplers, which operate at a flow rate of 2.0 ± 0.1 ℓ/minute, and the conical 
inhalable sampler, which operates at 3.5 ± 0.1 ℓ/minute. For the collection of total inhalable dust 
samples for metals analysis, the US Occupational Health and Safety Administration (OSHA) 
recommend sampling onto a 0.8 µm mixed cellulose ester filter using a maximum air flow rate of 
2.0 ℓ/minute (OSHA ID-121 (OSHA, 1991a); OSHA–125G (OSHA, 1991b)). OSHA recommend a 
minimum sampling period of 15 minutes and a maximum sampling volume of 30 ℓ or sample 
collection over 8 hours, provided sample does not become overloaded. The US National Institute for 
Occupational Safety and Health (NIOSH) similarly suggest sampling onto a 0.8 µm cellulose acetate 
filter (NIOSH Manual of Analytical Methods: Method 7400). The air flow rate should be 1 to 4 ℓ/min 
and the total volume of air sampled between 5 and 200 ℓ.  

No simple conversion factor between total and respirable or inhalable and respirable concentrations is 
possible since this will be highly and intimately dependent on the aerodynamic size distribution of the 
sampled aerosol (even more so than the inhalable/total ratio). From the definitions of these fractions it 
can be shown that the factor (less than unity) to covert from an inhalable to a respirable concentration 
will be larger (closer to unity) for a fine aerosol than for a coarse one. It also follows, from what is 
known about the behaviour of inhalable and total dust samplers, that the factor to convert from a total 
to respirable concentration will be larger (closer to unity) than that to convert from an inhalable to 
respirable concentration and that that difference will also be dependant on aerodynamic diameter. 
However, in practice the ratio between inhalable and respirable in any given occupational scenario 
can only be well described by good understanding of the particle aerosol size distribution (which is 
seldom available) or by use of a multi-fraction sampler or a programme of side-by-side 
measurements. 

Relatively few studies have tried to investigate these relationships. Murkano et al. (2001), in a study 
of the carbon black industry, compared the Higgins-Dewell cyclone with the 37mm closed face 
sampler and reported that the mean respirable/total ratio was 0.37, with a range 0.21–0.64. Similarly, 
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Verma (1984) compared a cyclone and closed face sampler in ferrous and non-ferrous foundries and 
derived the following relationship. 

totalrespirable 304.01.0 +=  

Gardiner et al. (1992), again in a study on the carbon black industry, compared the SIMPEDS cyclone 
and the IOM head, obtaining respirable/inhalable ratios in the range 0.26–0.82. 

As part of a study on developing samplers for assessing exposure of workers to aerosols in the nickel 
industry, Aitken et al. (1997) compared various samplers in a nickel refinery. One of these was the 
IOM 3-Fraction-Foam sampler, based on the IOM personal inhalable sampler, which uses porous 
foam plugs as size-selective separators, thus allowing the inhalable, thoracic and respirable fractions 
to be measured. Their results showed that the respirable to inhalable ratio ranged from 0.35 to 0.035 
(geometric means) dependent on the particular worksite (and by implication, particle size). 

Some information on these relationships in the manganese industry is available and will be discussed 
in more detail in Section 6. 

Most of the analytical methods available involve digesting the sample filter and determining the 
concentration of manganese in a known volume of liquid. From this it is possible to calculate the mass 
of manganese on filter. Normally the analysis is performed using inductively coupled plasma atomic 
emission spectroscopy (ICP-AES). It is also possible to use atomic absorption spectroscopy (AAS). 
AAS tends to have a lower sensitivity than ICP-AES and has generally been replaced by ICP-AES in 
laboratories because of the greater suitability of ICP-AES for multi-element analysis. ICP mass 
spectrometry (ICP-MS) can also be used for analysis. This has a greater sensitivity than ICP-AES but 
is much more expensive and is less widely employed in analytical laboratories. 

Both OSHA and NIOSH describe methods of analysis by AAS and ICP-AES (OSHA ID–121(OSHA, 
1991a); OSHA ID–125G (OSHA, 1991b); NIOSH Manual of Analytical Methods: Method 7300 
(NIOSH, 1994). Samples are prepared for analysis by digestion in nitric acid (OSHA ID-121), 
sulphuric acid and hydrogen peroxide (OSHA ID–125G) or in a mixture of nitric and perchlorate 
acids (NIOSH Method 7300). The detection limit for the analysis of airborne manganese samples is 
generally less than 1 µg on filter but depends on the digestion method and instrument used. 

Manganese on filter can also be analysed using X–ray fluorescence, which is a nondestructive 
analytical method for powders, soils and similar materials (WHO, 1981). The measurement of 
manganese has been validated for 25 mm filters and sampling volumes of 120–900 ℓ (HSE, 1998). 
Sampling is as for analysis by ICP or AAS. No sample preparation is required before analysis. The 
method is suitable for deposits of up to 0.5 mg on filter. Particle size effects and X–ray absorption by 
the sample can each cause a negative bias of up to 10% in samples that have a mean particle size of 
less than 2.5 µm and that are less than 500 µg in mass. The negative bias increases as particle size and 
sample size increase. The main potential source of interference with the analysis from other metals is 
from chromium in the sample, this can be avoided by the use of appropriate instrument conditions. 
The detection limit for quantitative analysis of manganese on a 25 mm filter is 1 µg.  

It is also possible to analyse manganese on filter using neutron-activation analysis, which is a highly 
sensitive analytical method in which samples are irradiated and gamma spectroscopy used to measure 
the amount of 56Mn present (WHO, 1981). Neutron activation analysis is not routinely used in 
workplace monitoring. Finally, WHO (1981) references a colorimetric method that can be used for the 
analysis of manganese on filters, based on the colour reaction between manganese ions and 
ferricyanide ions. This would have a much lower sensitivity than the instrumental methods described 
above. 



 
IEH Web Report W17, posted October 2004 at http://www.le.ac.uk/ieh/  

 

24

5.2 Water 
In recent years most metals analysis of waters (Table 5.1) has employed ICP-AES (EPA, 1985). 
Detection limits are typically of the order of 1 µg/ℓ or less. The analysis of all metals by ICP-AES is 
subject to the effects of interference, but these interferences are well established and are not a problem 
in routine analysis. As with airborne samples, it is also possible to use ICP-MS for the analysis of 
manganese. Dilute solutions of manganese and other metals may have limited stability when stored 
for periods of weeks to months, if no specific measures are taken to prevent the precipitation of 
inorganic salts.  

Clean water samples can be analysed without any pre-treatment; however, it is usually desirable to 
filter samples or to add a small amount of hydrochloric acid to remove any fine particulate that is 
present. Suspended particulate in samples will interfere with analysis, by reducing the rate at which 
the sample is introduced to the plasma, causing an underestimation of concentration. Given that many 
trace elements are present at extremely low concentrations in freshwater, it is possible to improve the 
detection limit by pre-concentrating samples by a factor of ten by evaporation. The sample can be 
treated with hydrochloric acid (typically 20 mℓ acid are added to 200 mℓ water) before heating on a 
steambath to near dryness. The sample is made up to 20 mℓ with 10% v/v hydrochloric acid before 
analysis. This method gives a detection limit of about 0.3 µg/ℓ (0.3 ppb) for manganese, although this 
varies depending on the instrument used. 

Prior to the widespread adoption of ICP methods for metals analysis, most metals analysis of aqueous 
samples employed AAS. For example, a UK method, dated 1983, was developed for the analysis of 
the iron and manganese content of potable waters by AAS. The method involved direct aspiration of 
the sample containing 0.1% m/v lanthanum into the flame of an atomic absorption spectrophometer. 
As with ICP analysis, samples had to be treated to remove particulate and could be pre-concentrated 
by evaporation to determine low concentrations. The detection limit for the method was 6.1–61.3 µg/ℓ 
for manganese; the method was applicable for concentrations up to 1000 µg/ℓ for the direct aspiration 
of samples and pro rata for evaporatively concentrated samples. 

5.3 Biological tissues 
5.3.1 Urine 
There is considerable uncertainty about both the reliability of the determination of manganese in urine 
and its usefulness as a marker of manganese exposure, given the low rate of excretion in urine 
(Oberdörster & Cherian, 1988).  

NIOSH has published a validated method for the analysis of manganese in urine (Table 5.1). The 
method employs ICP-AES for the analysis. Metals are extracted from urine samples using 
polydithiocarbamate resin, which is then ashed in a plasma asher and the ash is digested in a mixture 
of nitrite and perchlorate acids. The digest is then analysed. The method appears to be based on that 
previously published by the American Public Health Association (Kneip & Crable, 1989). The 
recovery of manganese from urine samples using this method is quoted as 85%. The precision of the 
method for manganese is considerably poorer than for other metals (5%). Results are quoted in terms 
of µg metal/g creatinine. 

Baselt (1988) also describes a method for the analysis of manganese in urine that was originally 
published by Buchet et al. (1976). In this method manganese is extracted from urine as the cupferron 
chelate with methylisobutylketone. The method predates the widespread adoption of ICP-AES for 
metals analysis, and the suggested analytical method is graphite-furnace AAS, utilising the method of 
standard additions. The authors note the instability of dilute manganese solutions, which has 
implications for the reliability of the analysis. The sensitivity of the analysis was found to be 1 ug/ℓ 
and the method was free from interference by other metal ions. The relative recovery was not 
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established. Baselt (1988) indicates the administration of EDTA to mobilise manganese prior to the 
determination of its concentration in urine can be a useful tool in the diagnosis of manganese 
intoxication. 

The collection and storage of urine samples can have a marked effect on apparent metal 
concentrations. Often urine is supersaturated with various salts, which are precipitated when samples 
are refrigerated during storage. These precipitates can remove a proportion of the metal or metals of 
interest from solution, leading to underestimation of the true concentrations in urine. 

5.3.2 Blood 
As with urine, there is considerable uncertainty about the usefulness of blood manganese as a marker 
of manganese exposure (Oberdörster & Cherian, 1988). Manganese has a relatively short lifetime in 
blood because of the homeostatic mechanisms that act to control its distribution and concentration in 
blood and tissues (Baselt, 1988). Blood manganese levels may not be a good indicator of total body 
burden, except in cases of manganese deficiency (Oberdörster & Cherian, 1988). There is also 
considerable uncertainty about the reliability of the analytical procedures available for blood 
manganese. Baselt (1988) does not describe a method for the analysis of manganese in blood in his 
text describing biological monitoring methods for industrial chemicals owing to perceived technical 
problems with manganese analysis. Kazantzis (1988) expressed concern about the ease with which 
blood samples could be contaminated by manganese both from steel needles used for taking the 
sample and through the use of anticoagulants, such as heparin, that may have higher manganese 
contents than blood. 

NIOSH has published a validated method for the analysis of manganese in whole blood and tissues 
(Table 5.1). The method employs ICP-AES for the analysis. Blood and tissue samples are digested in 
sulphuric acid prior to analysis. The method appears to be similar to that described by the American 
Public Health Association for metals in blood and tissue (Kneip & Crable, 1989), which was 
specifically validated for manganese in blood. The sample is digested in an acid mixture (nitric, 
perchlorate and sulphuric acid as a 3:1:1 mixture v/v) until completely dissolved in a small volume of 
sulphuric acid. The sample is then diluted and analysed by ICP. The reported recovery of manganese 
is 98% from blood; the precision of the method is reported to be 2.1%.  

5.3.3 Other biological media 
Some investigators have measured concentrations of manganese in faeces and in hair (Oberdörster & 
Cherian, 1988). It has been suggested that faeces could provide a good route of assessing recent 
manganese exposure because of the homeostatic mechanisms that work to control the distribution of 
manganese in the body (Oberdörster & Cherian, 1988). These mechanisms would tend to lead to the 
excretion of excess manganese in faeces. However, there are considerable problems in the sampling 
and analysis of faecal material and manganese levels in faeces are likely to heavily influenced by 
dietary factors It is thought that hair might provide a means of assessing long-term exposure to 
manganese but its usefulness may be limited by the ease with which it could be contaminated by 
direct contact with manganese containing dusts or fumes (Oberdörster & Cherian, 1988). 
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Table 5.1 Summary of analytical techniques 

Media Method Analysis Range Detection limit 

NIOSH Method 
7300 

Elements by ICP ICP or atomic 
absorption 

2.5–1000 µg on filter 1 µg on filter 

OSHA ID-125G Metals and metalloid particulates in 
workplace atmospheres (ICP analysis) 

ICP  0.2 µg on filter 

OSHA ID-121 Metals and metalloid particulates in 
workplace atmospheres (atomic absorption) 

Atomic absorption  0.25 µg on filter 

Workplace air 

MDHS 91 Metals and Metalloids in air by X-ray 
fluorescence spectroscopy 

X-ray fluorescence 1–500 µg on filter 1 µg on filter 

EPA/600/R-94/111) 
(Supplement 1) 

Methods for the determination of metals in 
environmental samples  

Atomic absorption, 
ICP 

 depends on analytical 
method 

Drinking water 

UK HMSO Iron and manganese in potable waters by 
atomic absorption spectroscopy 

Atomic absorption <1000 µg/ℓ 6.1–61.3 µg/ℓ 

NIOSH method 
8310 

Metals in urine ICP-AES 0.25–200 µg/sample 0.1 µg/sample Urine 

American Public 
Health Association 

Metals in urine ICP-AES 0.25–200 µg/50 ml  0.1 µg/50 ml 

NIOSH method 
8005 

Elements in blood or tissue ICP-AES 19–10000 µg/100g 
blood, 2–20000 ug/g 
tissue 

0.1 µg/100 g blood, 
0.2 µg/g tissue 

Whole blood 

American Public 
Health Association 

Metals in blood or tissue ICP-AES 10–10000ug/dℓ blood 
and 2–2000 µg/g tissue 

1 µg/dℓ blood, 0.2 
µg/g tissue 

EPA, US Environmental Protection Agency; ICP, inductively coupled plasma; ICP-AES, inductively coupled plasma atomic emission spectroscopy  
MDHS, Methods for the Determination of Hazardous Substances; NIOSH, US National Institute of Occupational Safety and Health; OSHA, US Occupational Safety and Health Administration  
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6 Quantitative Information on Exposure 
and Uptake 

6.1 Occupational exposure levels  
6.1.1 Introduction 
This section and Section 6.2 review available workplace exposure data for manganese. Only studies 
reporting exposure data relevant to an overall assessment of occupational exposure to manganese are 
summarised here. Some studies on human health effects (reviewed in Section 7.2) have only reported 
exposure information of limited usefulness (e.g. only exposure duration) and these are not considered 
further in this section. The principal focus has been on current exposure levels; therefore, data less 
than 20 years old have been given most emphasis. However, older data have been included where 
there are few current data available or where the older data provide contrast to the current data. The 
data have been reviewed and organised in nine industry sectors. There are three producer  
sectors —  

• Mining 

• Production of manganese metal and metal alloys  

• Chemical production of manganese-based chemicals 

and six main manganese user sectors —  

• Steel production 

• Other metal smelting processes 

• Fabrication (including welding) 

• Battery manufacture 

• Agricultural products (production and use) 

• Pigments, paints and glass making 

Other significant exposures to manganese may occur in the electronic or semiconductor industry, 
where potassium permanganate is used to clean (etch) the holes in printed circuit boards. Potassium 
permanganate is also used as an aqueous solution, with sodium hydroxide, as a first step in 
conventional acid pickling systems. In these procedures the main exposure to potassium 
permanganate or mixtures containing potassium permanganate would be from handling and tipping 
the solid into cleaning tanks, etching baths etc. Dermal exposure to potassium permanganate is also 
possible during etching of printed circuit boards and metal cleaning. No published data on any of 
these processes has been identified. 

Studies with published data were identified by structured searches of various on-line and Silver-platter 
data bases. Full details of these databases and the search strategies used are given in the Annex. 
Potentially relevant papers were obtained and reviewed. More than 180 papers were finally reviewed 
in detail and information on exposures (and on biological indices) from these are summarised herein. 
It is rare for ‘raw’ exposure data to appear in the published literature and for the most part 
summarised data were found. Current draft European Union guidance recommends that appropriate 
summary statistics for exposure data are the number of samples (n), the range (maximum and 
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minimum), the median (MED) and the 90th percentile. In the studies reviewed, the latter two were 
seldom reported. The central tendency (CT) in the data was most often summarised by the arithmetic 
mean (AM) or the geometric mean (GM). Generally, in current studies to assess occupational 
exposure to substances, the geometric mean is preferred to the arithmetic mean as a descriptor of 
central tendency in exposed populations. One of the reasons for this is that the geometric mean is less 
influenced by ‘outliers’ in the data. To provide a basis for comparison, in this review, an optimum 
core set of summary statistics has been defined as the number of samples, the range (max and min) 
and the geometric mean. Where the arithmetic mean has also been reported, this is indicated in the 
text. Where these metrics have not been reported and the raw data have not been available for re-
analysis, data have been reported using the author’s summary statistics.  

All of the exposure data reviewed are for inhalation exposure. No published or company data have 
been found for occupational exposure via dermal or oral routes.  

Airborne exposure data are reviewed in Section 6.1.2 (below); biological monitoring of occupational 
exposure is reviewed in Section 6.2.  

The quality and quantity of the data vary considerably between the various industry sectors and 
according to the source from which they were obtained. Data have been assigned to occupational 
categories within each sector where this was considered supportable.  

6.1.2 Levels in workplace air 
Exposure data have been obtained from three main sources: (i) epidemiological and exposure 
assessment studies in the published literature; (ii) Government or Government Agency sources, 
collected for compliance purposes; and (iii) producer sector data, also collected primarily for 
compliance. 

Airborne exposure data have been presented in the units mg/m3 in all cases, regardless of the units in 
the original publications. Conversion factors used are summarised in Table 6.1. 

The current European Union draft guidance stresses the importance of personal sampling rather than 
area sampling, recognising that personal sampling is much more representative of the exposure of 
workers than area sampling. This is due to the inhomogeneity of the concentration of particles in 
workplace air. Personal sampling was found in most of the studies reviewed and, unless otherwise 
stated, exposure levels in air reported herein are based on personal sampling data. Where available, 
details of the sampling methods used have also been reported. Environmental or area sampling data 
have only been reported where no personal sampling data were available or where it provided 
additional information, for example on composition  

Section 5 details current issues relating to the comparability of inhalable exposure samples collected 
using the IOM or other inhalable samplers and those for so called ‘total’ dust collected by the 
Millipore 37 mm sampler or similar open face samplers. The consensus view has been that samples 
collected by the 37 mm sampler need to be scaled up by a factor of 1.0–2.5 to provide an estimate of 
true inhaled concentration. For manganese, most of the studies in the published literature have used 
the 37 mm sampler or a similar type of device, whereas the current manganese industry approach 
seems to favour the IOM sampler (other than in the USA). In this review, reported levels have not 
been scaled up by an ‘inhalable correction’; however, a plausible range of correction factors is 
indicated in the summary table for each industry sector. 
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Table 6.1 Units and conversion factors for manganese exposure metrics 

Metric Recommended 
units 

Other units Correction factor Comments 

Manganese airborne  mg/m3 µg/m3 ÷ 1000  
exposure concentration  ng/m3 ÷ 1000000  
(MnA)  µg/ℓ × 1  
Manganese blood  µg/ℓ µg/100ml × 10  
concentration levels  µmol/ℓ ÷ 0.0181 Units expressed in molarity  
(MnB)  nmol/ℓ ÷ 18.1 rather than mass 
Manganese urinary  µg/ℓ µg/100ml × 10  
concentration levels  µmol/ℓ ÷ 0.0181  
(MnU)  nmol/ℓ ÷ 18.1  
Manganese urinary  µg/g creatinine   Preferred way of expressing  
levels per mass of    MnU but no way of ‘correcting’ 
creatinine    mass per vol 
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In most cases ‘full shift’ exposure measurements have been reported. Short-duration exposure data 
have also been reported in some studies, typically associated with worst case exposures, although 
these are generally less useful than full shift data.  

Data were also obtained from Governmental sources primarily in the UK and USA. In the UK, the 
National Exposure Data Base is maintained and updated by the Health and Safety Executive. 
Information on the database is not in the public domain, but arrangements were made to access it. 
Measurements in the database have been made by Health and Safety Executive Inspectors 
investigating exposures in various industry locations. As such, they may represent some of the poorest 
controlled and some of the best controlled exposure scenarios in the UK. The second main source of 
Governmental data is in the series of Health Hazard Evaluation Reports published by the National 
Institute for Occupational Safety and Health (NIOSH) in the USA. These are data produced by NIOSH 
Inspectors arising from their visits to industrial premises. The NIOSH Health Hazard Evaluation 
Reports are in the public domain. 

Data were also obtained directly from the manganese producer companies. Fifty-two companies or 
company sites were identified on the basis of a 1999 survey by Rousseau and Lauwerys (1998) as 
being sites in which regular (at least annual) surveys of manganese exposure were made. All of these 
sites were approached and requested to share their data. Overall the response was fairly good, 
particularly from the larger, multinational, multi-site companies, and data were obtained from 13 sites. 
Company data were provided in various forms, including databases, summaries and reports. All of the 
data have been reviewed and summarised. 

6.1.2.1 Mining 
Published data 

Mining of manganese ore takes place in several sites across the world including Africa, Australia, 
Asia, and Central and South America. Mining techniques include quarrying, in which the ore is simply 
lifted or blasted and lifted, and deep mining in which a bord-and-pillar method of extraction is used. 
Exposures in this sector are mainly to manganese ore dust, principally manganese dioxide (MnO2). 
Methods for mining and dust control vary by location and it may be expected that this will result in 
wide variation in exposure levels. Two recent publications illustrate this diversity.  

A key study is that of Myers et al. (2002) who described a base-line cross-sectional study to 
investigate neurological effects in a modern mining operation in South Africa (see also Section 
7.2.5.1). The study was conducted in two companies with underground mines and surface processing 
facilities. The study was well conducted and has been comprehensively described. Detailed exposure 
data (collected during routine occupational hygiene surveys) were available from one of the two 
companies. Measurements of exposure were made using a 37 mm total dust sampler (closed face, 
identified as type GME) and ranged from not detected to 0.99 mg/m3 (AM, 0.21 mg/m3) based on 
486 samples. Good quality control procedures were in place and were documented in the study report. 
The relationship between total dust and inhalable dust was also investigated in a subset of the data. 
Inhalable concentrations measured by an IOM sampler were larger by a factor of 1.3 to 1.4; that is, the 
maximum level was 1.5 mg/m3. A cumulative exposure index was calculated for each subject from the 
product of the mean manganese total dust concentration characteristic for each job and the number of 
years worked in that job, summing these over all of the jobs worked (to a maximum of 5). The 
reported range of cumulative exposure index values was 0 to 20.8 mg/m3.years (mean 
2.2 mg/m3.years). Blood level data were also collected (described in Section 6.2).  

Contrasting information is provided by Boojar and Goodarzi (2002) who described an extensive 
investigation of respiratory effects associated with long-term manganese exposure in miners in Asia 
(see also Section 7.2.3.1). Again the study was well reported. Workers (145) in a large (deep) mine 
were compared with controls (65). The subjects worked 7–8 hours per day and were exposed to 
manganese during tunnel digging, drilling, mixing and transporting of the raw materials in the mine. 
Manganese silicate and oxide were reported as the main chemical forms of manganese in the mine. 



 
IEH Web Report W17, posted October 2004 at http://www.le.ac.uk/ieh/  

 

31

The research was initiated at time of employment (Stage 1) and followed up at 4.3 ± 0.5 years after 
employment (Stage 2) and 3.2 ± 0.3 years after Stage 2 (Stage 3). Airborne exposure levels were 
measured using a cyclone (Casella type 13043/1) to provide estimates of the respirable fraction and, 
from the contents of the cyclone grit pot, total dust. Although this method would significantly 
underestimate total (and therefore also inhalable) dust, reported levels were extremely high for both 
respirable and total concentrations. Samples were taken over time periods corresponding to half of one 
shift. Levels also rose over time. At Stage 1, total manganese levels ranged from 29–206 mg/m³ with 
an arithmetic mean of 62 mg/m³. (Total dust levels were reported as having an arithmetic mean of 
218 mg/m3). Levels were higher at Stages 2 and 3 with arithmetic means of 94 and 114 mg/m³, 
respectively. The respirable levels ranged from 9.2 to 83.6 mg/m³ with a mean of 27.6 mg/m³ at Stage 
1, which increased to 38.1 mg/m3 and 43.3 mg/m3 at Stages 2 and 3, respectively. The proportion of 
manganese in total dust did not change significantly in the three stages and ranged from 0.28–0.40. A 
cumulative exposure index was calculated for each subject by multiplying the average annual 
respirable concentration for each job by the number of years the job was performed. For the three 
stages of the study, the mean cumulative exposure indices were reported as 1.365, 1.738 and 
1.935 µg/m3.year. However, these values are inconstant with (i.e. much lower than) the reported mean 
respirable concentrations and duration of exposures. Reasons for the discrepancy have not been 
identified. Blood and urinary levels were also measured (discussed in Section 6.2.2.1). 

These two studies, although contemporaneous, show very large differences in exposure levels. This 
must be largely due to differences between modern high technology mining operations using efficient 
control measures, such as use of water sprays, good ventilation, and isolation of workers from sources 
of dust, and what must be assumed to be older, less controlled methods of extraction. Other studies in 
the mining sector are either very small or old. From the levels reported, they appear to be more 
representative of low technology than of current high technology mining practices. 

Koudogbo et al. (1991) reported a small study to assess exposures in an underground mining operation 
in Gabon (Africa). Exposure measurements were made using a 37 mm type sampler, in principle 
sampling ‘total dust’. Seven samples were reported, ranging from 1.98 to 146 mg/m3 (total 
manganese). The geometric mean of these samples has been evaluated as 21.0 mg/m³. These levels are 
clearly more consistent with the study by Boojar and colleagues than the study by Myers and 
colleagues, and may indicate use of older technology. No information on the duration of exposure was 
provided. In such a limited study it is difficult to evaluate the wider significance of the data. 

Two other studies, both much older and with few details of the measurement methods, give some 
further information. In neither case was personal sampling used. Schuler et al. (1957) reported a study 
on manganese poisoning in a Chilean mine in which environmental (static) samples produced 
concentrations in the range 0.5–46.0 mg/m³ (see also Section 7.2.5.1). The highest values were 
associated with rock drilling operations. Similarly, Rodier (1955) described environmental conditions 
in a North African mine in which environmental levels as high as 450 mg/m³ were found. Data from 
these papers are summarised in Table 6.2. 

6.1.2.2 Production of manganese metal and metal alloys 
Production of manganese metal and metal alloys takes place on a world wide basis. Plants are often, 
but not exclusively, near to manganese mining operations or have commercial links with mining 
operations.  

Manganese metal is produced by an electrolytic process. Manganese ore is milled and added to a 
furnace where a reduction process takes place to produce a soluble form. The reduced ore is then 
leached in a solution including sulphuric acid. After purification the solution is fed into electrowinning 
cells where electrolysis takes place. Manganese metal deposits out on the cathode. Following 
electrolyses, the manganese metal, usually in the form of flakes, is mechanically stripped from the 
cathode and subjected to further washing and milling before being packed for shipping.  
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Table 6.2 Exposure and biomonitoring data for mining 

Study description Study population  Exposure data  Comments 
 Duration years  range (CT) n     
 range (CT) Air* mg/m3 Blood µg/ℓ Urine Other biomarkers  

Myers et al. (2002)  Total    
Africa (South Africa) 489 Exposed ND–0.99 (0.21)a 2.2–24.1 (8.5)a   
 1–41 (10.8)a 486  456    
 67 Controls  (6.4)a   
      
      

Deep mining and opencast. Largest 
study, modern technology. 
Well conducted and described. 
Inhalable fraction = 1.4 times total 
dust. No correlation between MnA  
and MnB. 

Boojar and Goodarzi     µg/g Creatinine Hair (µg/g) 
(2002)  Total s ns s ns s ns 
Asia 145 Mineworkers (S1) 0  29–206 (62)a (18.4 17.3)a (1.61 1.72)a (1.76 1.65)a 
 145 Mineworkers (S2) 3.8–4.8 (94) a (144 137)a (9.46 8.55)a (16.4 14.2)a 
 145 Mineworkers (S3) 6.7–8.3  (114) a (186 167)a (14.8 13.2)a (23.1 19.4)a 

  Respirable    

 145 Mineworkers (S1) 9.2–83.6 (27.6) a    

 145 Mineworkers (S2) (38.1) a    
 145 Mineworkers (S3) (43.3) a    
 65 Controls (C1)  (20.3 18.9)a (1.46 1.52)a (1.61 1.78)a 
 65 Controls (C2)  (19.6 21.9)a (1.54 1.42)a (1.71 1.59)a 
 65 Controls (C3)  (14.8 16.2)a (1.39 1.47)a (1.38 1.61)a 

   S2/C2d, S3/C3d S2/C2d, S3/C3d S2/C2d, S3/C3d 

Deep mining, longitudinal study 
conducted in 3 temporal  
stages, well described. Very high 
airborne levels, total dust 
underestimated, collected from 
cyclone grit pot. Biological 
monitoring results expressed for 
smokers (s) and non-smokers (ns). 
Drinking water with high 
manganese concentration. For 
blood, urine, hair one measurement 
per subject per stage. 

Koudogbo et al.   Total Serum µg/ℓ   Limited study, significance of 
(1991) Mineworkers 2.0–146 (21.0)b 7  (1.05)a   elevated blood levels not  
Africa (Gabon) Controls  (0.96)a   reported. 
Schuler et al. (1957)  Short term static    Applicability to current levels 
South America (Chile) 30 Mineworkers 0.5–46 40    may be limited, static samples 
(NE)      only, highest for drilling. 
Rodier (1955)  Short term static    Applicability to current levels 
North Africa Mineworkers <450    may be limited. 
* Inhalable correction factor of 1.5–2.5 to convert total dust concentration to inhalable fraction 
aarithmetic mean; bgeometric mean; cmedian; dp <0.05 level; ep <0.01  
MnA, manganese in air; MnB, manganese in blood; ND, not detected   
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The two principal metal alloy products are ferromanganese and silicomanganese, depending on 
whether iron or silicon is used as an alloying component. Alloys are produced from manganese ore 
(principally MnO2) by reduction in electric and blast furnaces. Prior to melting, the raw material is 
processed by drying and grinding. It is then transported to and mixed in furnaces. After smelting, the 
melted alloy is cast into pots and moulds in a casting area, where it is allowed to cool and solidify. 
Typically it is then crushed or milled and prepared for shipping.  

Two discreet occupational scenarios, in both manganese metal and metal alloy production, are readily 
discernible. The first scenario is common to both processes and involves handling, crushing and 
mixing of the raw materials or the final product. In this scenario, exposure is primarily to ore in the 
form of MnO2 dust or dust having the same general composition as the products (either manganese 
metal or alloys). The second scenario will differ dependant on process. In the production of 
manganese metal, roasting of ore, followed by leaching in acid electrolysis will produce aerosols in 
the form of fume, from heating and chemical reaction. Exposure will be to intermediate products and 
to sulphuric acid mist. In alloy production, exposure will also be to fume, again of intermediate 
products arising from thermal processes (smelting).  

The aerosols in the two scenarios will differ in particle size. The aerodynamic diameter of manganese 
fume in the thermal and chemical processes will be mainly in the respirable range, compared with 
much coarser mechanically produced dust, in the mixing and crushing scenario. This will lead to 
differences in the site of deposition of these particles in the respiratory tract and hence to possible 
differences in health effects.  

Published data  
Production of manganese metal  
The most important study describing exposure in manganese metal production is that by Gibbs et al. 
(1999) in which subclinical movement disorders in a cohort of 75 workers in a US plant producing 
electrolytic manganese metal were investigated (see also Section 7.2.5.2). The study is well described. 
Airborne manganese exposures were assessed for each of 12 job categories by collecting a total of 
63 side by side full shift personal samples of total and respirable dust. However the data reported did 
not discriminate between the job categories. Total dust levels ranged from 0.028 to 0.8 mg/m³ with a 
geometric mean of 0.11 (AM, 0.18). The equivalent respirable values were 0.005 to 0.23 (GM, 0.036, 
AM, 0.66). Total dust was collected using a 37 mm sampler. Cumulative exposure indices were also 
calculated for each worker based on mean levels (in terms of total or respirable) for each job category, 
and job history (for 30 days, 12 months and the entire period of employment). The 30 day and 
12 month exposure estimates were considered to be most reliable owing to job history tracking errors 
and process change issues for the longer estimate. The reported geometric mean lifetime integrated 
respirable metric was 0.53 mg/m³.year; for total dust it was 1.5 mg/m³.year.  

A second study which appears to relate to manganese metal production is that on neurological effects 
(see also Section 7.2.5.2) by Kaji et al. (1993); however, few details of the production process are 
provided. Details of the exposure assessment are similarly sparse. Airborne dust levels (almost 
certainly based on static sampling of total dust) ranged from 0.02 to 0.46 mg/m3. 

Production of metal alloys  
All of the other studies in this sector refer to production of metal alloys.  

One of the most important and best described studies is a study conducted in three alloy plants in 
Norway, reported by Ellingsen et al. (2000, 2003). The study was well conducted and the exposure 
assessment methods and data are described in detail. Inhalable manganese exposures, measured using 
IOM personal inhalable samplers used for full-shift sampling, ranged from 0.007 to 27.2 mg/m3 

(GM, 0.254) based on 265 samples collected in three sampling campaigns. Respirable concentrations 
(from cyclone measurements) ranged from 0.002 to 1.01 mg/m3 (GM, 0.028) based on 
167 measurements. The ratio of respirable to inhalable concentrations was 0.106, based on total of 
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153 side-by-side measurements. This ratio varied according to the department and was highest for 
those in the furnace house, particularly crane operators (0.391 based on 9 measurements), and lowest 
in the product department (0.074 based on 11 measurements). There was a high correlation between 
respirable and inhalable manganese. This is the only direct comparison between inhalable and 
respirable samplers in the industry (although there are comparisons between total and respirable). 
Information concerning composition was also provided. The authors describe four manganese species 
and reported geometric mean concentrations within the inhalable range for each species: ‘water 
soluble’ (GM, 0.014 mg/m3); oxidation state 0/2+ (GM, 0.113 mg/m3), oxidation state 3+/4+ 

(GM, 0.031 mg/m3), and ‘insoluble’ (GM, 0.049 mg/m3). Most of the manganese was in oxidation 
state 0/2+. The distribution in the respirable fraction was similar but overall the levels were much 
lower. Blood and urinary levels were also reported (see Section 6.2) and compared with inhalable and 
respirable manganese concentrations and with manganese species. This is the only study in any 
industry sector for which this has been investigated. The authors commented that higher levels of 
insoluble material were measured during the production of silicomanganese than during production of 
ferromanganese and silicomanganese combined.  

Earlier Hetland et al. (1998) presented a conference abstract from the same study that contains unique 
information relating to the comparison between IOM (inhalable) samplers and a total dust sampler. 
Twenty five workers in each of three plants wore an IOM sampler and a 25 mm closed faced total dust 
sampler (a variant of the more common 37 mm sampler) over a period of 4 days. Date were 
summarised by plant. For the three plants the median inhalable manganese concentrations, collected 
using the IOM samplers, were 1.12, 0.58 and 1.05 mg/m3. The equivalent total manganese 
concentrations were 0.43, 0.32 and 0.63 mg/m3. The resulting inhalable/total ratios have been 
calculated as 2.60, 1.81 and 1.66.  

A series of studies reported by Lucchini and colleagues (Alessio et al., 1989; Lucchini et al., 1995; 
Mutti et al., 1996; Lucchini et al., 1997, 1999; Apostoli et al., 2000), describing work carried out in 
Italian alloy plants in the late 1980s to 1990s, is also important (see also Section 7.2.5.2).  

There are many commonalities in these studies. Most refer to investigations conducted at the same one 
or two plants. In many cases, the data overlap or are subsets of that in other publications. In general, 
the exposure methodologies used, or data obtained are not well described, particularly in the earlier 
studies. Typically the approach involved measurement of total dust with an unspecified filter holder 
used as a personal sampler In some studies, information on respirable exposures was also obtained 
from cyclone measurements carried out in parallel. Respirable data were not separately identified but 
were expressed as a fraction of the total concentrations. Data on biological indices were also reported 
(discussed in Section 6.2). Despite the limitations in the presentation of exposure data, these studies 
are important as an extensive body of work in the sector. 

The most comprehensive of this group of studies is that reported by Lucchini et al. (1999), which 
describes an epidemiological study of neurological effects of long-term exposure to ‘low levels’ of 
manganese oxides in a group of 61 ferroalloy workers in a plant in Italy. Exposure information was 
differentiated by job location within the plant. Three exposed groups were described as (i) furnace 
workers, (ii) casting workers and (iii) maintenance/welding. The controls group were non-exposed 
hospital maintenance and auxiliary workers. Measurements of total dust were made using a 37 mm 
cassette sampler. The number of samples was not reported. Overall measured (full shift) exposures for 
total dust ranged from 0.005 to 1.49 mg/m3 (GM, 0.054). Exposures were similar for workers in the 
furnace and casting areas, ranging respectively from 0.085 to 1.49 mg/m3 and 0.038 to 1.31 mg/m3. 
Exposures were lower in the maintenance and welding area, and ranged from 0.037 to 0.081 mg/m3. In 
the control group exposures never exceeded 0.015 mg/m3. A cumulative exposure index was 
calculated for each alloy worker by multiplying the average annual airborne manganese total 
concentration for each job by the number of years for which this activity was performed. The average 
geometric mean value was 1.204 mg/m3.years, which divided by the average length of exposure (15.17 
years), resulted in an average respirable concentration of 0.07 mg/m3 of manganese. Blood and urinary 
manganese geometric means were significantly higher in the exposed workers than in controls but no 
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association was found between cumulative exposure index and both blood and urinary manganese. 
Information on blood and urinary manganese is reviewed in more detail in Section 6.2. 

In an earlier study at the same plant, Lucchini et al. (1995) investigated neurobehavioural effects after 
a temporary cessation of exposure. Workers in the plant were divided into three occupational groups, 
furnacemen, maintenance and office workers (controls) as in the 1999 study, corresponding to high, 
medium and low exposure. A cumulative exposure index was evaluated for each worker from the 
average annual (in this case respirable) concentration times the years for which this job was 
performed. Cumulative exposure index values were significantly different in the three groups and were 
reported as geometric means of 0.59, 0.26 and 0.21 mg/m3.years. Blood and urinary manganese 
concentrations were also significantly different between the three groups and were well correlated 
with the cumulative exposure index on an individual basis. In Lucchini et al. (1997) exposure 
measurements (total dust) ranging from 0.026 to 0.75 mg/m3 (GM, 0.193) were reported. In that study 
no differentiation by job function or location was reported. In another study by the same group (Mutti 
et al., 1996), exposures at a factory producing both ferromanganese and silicomanganese were 
reported for two occupation groups (furnace area and maintenance area). Exposures were highest in 
the furnace area, ranging from 0.221 to 0.98 mg/m3 (MED, 0.46), compared with 0.144 to 
0.560 mg/m3 (MED, 0.20) in the maintenance area. 

Similar levels were reported in a small study of 14 workers at a ferromanganese foundry (Alessio et 
al., 1989). In the rotary mill area, exposures ranged from 0.40 to 1.10 mg/m3 and in the casting furnace 
area exposures ranged from 0.05 to 0.90 mg/m3. The authors also commented that it was possible to 
measure manganese concentrations reaching peak values of about 2.5 mg/m3. More recently Apostoli 
et al. (2000) described a study to compare airborne manganese exposures with biological indices in 
two ferro-alloy plants. The exposure assessment approach was again simplistic and was based on 
personal sampling using a filter holder, not specified, and the reported ranges were from 0.05 to 
0.470 mg/m3 (GM, 0.098). To assess the ratio between total dust and the respirable fraction, a parallel 
sampling programme was carried out in 10 ‘representative’ areas using cyclones (identified as 
Lippmann cyclones). It is implied but not stated that these were placed side-by-side in static positions 
along with the total dust samplers. The authors state that the ratio (total to respirable) obtained was 
relatively constant and ranged from 2.0 to 2.8. Based on this, a cumulative exposure index was 
calculated for each subject by multiplying the average annual airborne concentration for respirable 
manganese for each job by the number of years that job was performed. The relationship between this 
index and blood and urinary manganese levels was investigated. 

Although exposure measurement methods are not described in detail, this group of studies does 
provide useful information on manganese exposures in current European alloy plants. Exposures up to 
1–1.5 mg/m3 are typical in both the ore/produce handling and furnace/casting scenarios.  

An earlier European study of 369 workers employed in the production of ferroalloys in Yugoslavia 
(Saric & Hrustic, 1975, 1977; see also Sections 7.2.3.2 and 7.2.5.2) reported much higher levels; mean 
manganese concentrations ranged from 0.301 to 20.4 mg/m3 but almost no information was provided 
on sampling methodology. The highest level was reported for the raw material mixer. 

Levels similar to but higher than those in current European alloy plants were reported by Mergler et al. 
(1994), in a study of 115 workers employed in manganese alloy production in a Canadian plant. The 
study was undertaken to investigate neurological dysfunction (see also Section 7.2.5.2). The authors 
reported that the sampling strategy included personal sampling for total dust and manganese content 
and parallel static sampling for respirable/non-respirable dust. However, only the static environmental 
measurements of total and respirable manganese were reported along with urinary and blood levels. 
No occupational grouping within the plant was reported. Total manganese ranged from 0.014 to 
11.48 mg/m3 with a geometric mean of 0.225 mg/m3. The reported geometric mean respirable 
concentration was 0.035 mg/m3. In the abstract the geometric mean (total dust) is quoted in error as 
0.89 mg/m3 but this appears to relate to total dust rather than total manganese. (The urinary manganese 
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level was also reported in error as units of g/g creatinine which, from the numerical values must be 
µg/g creatinine). 

Two studies from Asia on neurological effects (see also Section 7.2.5.2) provide contrasting 
information although in both cases the exposures are poorly described. Wang et al. (1989) provided 
information on high exposures in a case study of an outbreak of Parkinsonism at a ferromanganese 
smelter in Asia. The exposure assessment was simplistic and was poorly described. Only static 
measurements were made and no information on the number of samples or methods used is provided. 
Samples were taken from an area at the top of the furnace where workers operated for at least 30 
minutes a day. The measured concentration was reported as 28.8 mg/m3, much higher than in the 
contemporary European studies. One control and three occupational groups were defined and 
exposures estimated but no justification for the levels attributed is given. High exposure levels were 
also reported by Hua and Huang (1991) in a study of neurobehavioural function in 17 workers from a 
ferromanganese plant in Taiwan. The mean manganese exposure duration was 11.88 years. A 
manganese exposure level of greater than 28.8 mg/m³ (i.e. the same as Wang and colleagues) was 
reported but no data to support the figure were provided. The study is weak from this perspective.  

A study by Kim et al. (1999) comparing welding, alloy production and welding consumable sectors is 
described in Section 6.1.2.6. 

Three other studies from the 1970s, like the Yugoslavian study above, also reported much higher 
manganese concentrations. Two studies describe investigations carried out at the same ferromanganese 
plant in the USA. In both studies, sampling was (primarily) personal sampling using a midget 
impinger and was of short duration (15 to 30 minutes). Samples were taken at times of highest 
exposure and so may not be representative of prevailing exposures. The original study, Smyth et al. 
(1973) reported exposures ranging from 0.20 to 171 mg/m³ (AM, 1.52; n = 78) for those working in 
the furnace area of the plant. In the casting area exposures ranged from 3.02 to 206 mg/m3 (AM, 7.68; 
n = 38). In the follow-up study Ruhf (1978) reported on conditions following the implementation of 
improved control methods. The furnace area exposure levels had been reduced and ranged from 0.30 
to 22.6 mg/m3 (AM, 0.43; n = 101). In the casting area exposure ranged from 0.020 to 5.20 mg/m3 

(AM, 0.51; n = 40). In this study exposure measurements were also made in the processing part of the 
plant, in this case exposures ranged from 0.010 to 24.30 mg/m3 (AM, 1.94; n = 254). Horiuchi et al. 
(1970) in a study of manganese exposures in ore milling (as a preparatory stage to alloy production), 
battery and welding consumable manufacture, in Asia, reported static measurements ranging from 3.1 
to 8.1 mg/m3. 

Data from published studies are summarised in Table 6.3. More detailed information on blood and 
urine levels and other biomarkers are discussed in Section 6.2. 

Company data  

A good response was received from companies in this sector. Seven companies provided exposure 
data at various levels of detail, including reports with data and significant contextual information, 
databases or spreadsheets, with in excess of 100 datapoints, to simple summaries of mean data. The 
summarised company data for this sector are shown in Table 6.4. Four of the Companies (036, 037, 
035 and 051) provided extensive data.  

Company 036 
Company 036 produces ferromanganese and silicomanganese. The process consists of continuous 
automatic feeding of ores and other materials into the furnaces where smelting takes place. Metal is 
cast either onto alloy casting beds or onto pig casters. Bed cast product requires crushing prior to 
screening while the pig cast product only requires screening. The bulk product is then shipped. 
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Table 6.3 Exposure and biomonitoring data for production of manganese metal and metal alloys 

Study description Study population  Exposure data    Comments 
 Duration years  range (CT) n     
 range (CT) Air* mg/m3 Blood µg/ℓ Urine Other biomarkers  

Production of manganese metal 
Gibbs et al. (1999)  Total    
North America (USA) 75 Workers  0.028–0.80 (0.11)b 63    
  Respirable    
  0.005–0.23 (0.036)b 63    
      
 75 Controls      

Well conducted study. 30-Day, 
12-month and lifetime CEIs 
calculated. 

Kaji et al. (1993)  Total static  µg/g Creatinine  
Asia (Japan) 66 Alloy workers  0.02–0.46 60 (19.1)a–(26.9)a (2.89)a–(4.22)a  
 (22.6)  between 1984 and    
   1989   
      
      

Static measurements in five 
areas over 12 years, no further 
breakdown. Biological indices 
are lowest and highest annual 
mean values. Ore milling as 
preparatory. 

Production of metal alloys 
Ellingsen et al. (2003)    nmol/mmol Serum PRL 
Europe (Norway)  Inhalable  Creatinine µg/ℓ 
(Including Ellingsen et  100 Workers (W)  0.007–27.1 265 4.64–23.5 (10.4)a 0.1–126 (0.9)b 229 
al., 2000) 2.1–41 (20.2) (0.254)b    
  Respirable    
  0.002–1.01    
  (0.028)b 167    
 100 Controls (C)  4.0–20.6 (9.17)a 0.1–13.1 (0.4)b 197 
   W/Ca W/Ce  

Well conducted study. 
Respirable/inhalable = 0.106 
information on speciation.  

Alessio et al. (1989) 14 Exposed (W)  Total  (5.7)a 14  
Europe (Italy) (10.8)      
 Rotary mill  0.4–1.10    
 Casting furnace 0.05–0.9    
 14 Controls (C)   (0.7)a 14  
    W/Ce  

No information on exposures 
other than levels reported. 
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Study description Study population  Exposure data    Comments 
 Duration years  range (CT) n     
 range (CT) Air* mg/m3 Blood µg/ℓ Urine Other biomarkers  

Mutti et al. (1996)     Serum 
Europe (Italy)  Total  µg/ℓ PRLµg/ℓ 
Ferromanganese and 31 Furnace and maintenance      
silicomanganese workers (F)     
 5–29 (14.5)     
 Furnace 0.21–0.98 4.6–23.4 (9.84)b 0.5–23.0 (2.69)b (9.77)b 
 Maintenance 0.14–0.56    
 34 Controls (C)  4.8–15.3 (6.78)b 0.1–2.0 (0.40)b (4.65)b 
   F/Ce F/Ce F/Ce 

37mm Sampler for total plus 
cyclone for respirable. 
Respirable 50–60% of total. 

Lucchini et al. (1995)    µg/ℓ  
 20 Furnace (high exp)   9.6– (11.9)b 0.9–5 (2.8)b  
 19 Maintenance (medium)  7.9–9.5 (8.6)b 0.7–6 (2.3)b  
 19 Office (low)  4–7.4 (6.0)b  0.7–7 (1.7)b  
   p<0.0001 p<0.05  

Same cohort as 1997, 1999. CEI 
of 3 groups 0.21, 0.26, 0.59 
mg/m3.y (respirable). 
Significant differences between 
3 groups. 

Lucchini et al. (1997)  Total    
Europe (Italy) 35 Furnacemen (F)  0.026–0.750 (0.193)b 4.6–23.4 (9.84)b 33 0.5–23.0 (2.69)b 33  
Ferromanganese and 5–29 (14.5)  4.8–10.9 (6.78)b 36 0.1–2.0 (0.40)b 36  
silicomanganese 36 Controls (C)  F/Ce F/Ce  
      

Same plant population as Mutti 
et al. (1996), almost identical 
data. Abstract and text differ for 
MnA exposure (abstract 0.093b, 
text 0.193b). 

Lucchini et al. (1999)  Total  µg/g Creatinine  Same plant as Mutti et al.  
Europe (Italy) 61 Workers (W) 0.01–1.49 (0.05)b 4–19 (9.18)b 57 0.3–5 (1.53)b 56  (1996). 
Ferromanganese and  Furnace 0.09–1.49 (0.24)b     
silicomanganese  Casting 0.04–1.31 (0.26)b     
  Maintenance 0.04–0.81 (0.05)b     
  Office 0.01–0.02 (0.01)b     
 87 Controls (C)   2–9.5 (5.74)b 87 0.06–5 (0.40)b 87   
   W/Ce W/Ce   
  Respirable     
 Workers 0.001–0.67 (0.017)b     
Apostoli et al. (2000)      
Europe (Italy) 94 Workers (W)  0.005–0.75 (0.098)b 4.0–27.0 (9.7)b 0.4–21.0 (3.8)b  
Ferromanganese and 3–38 (15.8)   2.0–10.0 (5.7)b 0.1–7.0 (0.7)b  
silicomanganese 87 Controls (C)   W/Ce W/Ce  

Same methodology as Mutti et 
al. (1996). 2 Sites, almost 
certainly including the site 
studied by Mutti et al. Ratio 
total/respirable = 2.0–2.8. 
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Study description Study population  Exposure data    Comments 
 Duration years  range (CT) n     
 range (CT) Air* mg/m3 Blood µg/ℓ Urine Other biomarkers  

Saric and Hrustic (1975)  Total static    
Europe (former 
Yugoslavia) 

369 Ferroalloy workers 
(exposed) 

0.301–20.4    

Ferromanganese 190 Electrode plant (controls)      
 204 Aluminium plant (controls)     
      

Large epidemiology study but 
little information on exposures 
other than range reported. Same 
range reported in Saric et al. 
1977. 

Mergler et al. (1994)  Static total  µg/g Creatinine  
North America  74 Workers (W)  0.014–11.5 (0.225)b 38 (10.3)b 69 W/Ce (0.73)b 56 W/Cf  
(Canada) (16.7) Static respirable    
  0.001–1.27 (0.04)b 37    
 Controls (C)  (6.8)b 69 (0.62)b 56  

Static samplers with 37mm and 
cyclone. 

Wang et al. (1989)  Static total    
Asia (China) 8 Maintenance/foreman  <28.8 10–405 (146)a 8   
Ferromanganese, (9.5)     
 24 Furnacemen  0.5–1.5 13–82(31.3)a 16   
 (13.2)     
 68 Foundry workers  <0.1 13–38 (25.2)a 28   
 (7.1)     
 32 Office workers   3–35 (14.9)a 17   
 (7.1)     

Exposure assessment poorly 
described. No method details  
or justification for group levels 
given. No statistical analysis of 
blood levels. 

Kim et al. (1999)   Total    
Asia (South Korea) 39 Alloy workers 0.08–1.4 (0.14)b 40    
      
      

Multi-sector welding, smelting 
welding rod manufacture. 
Exposure assessment well 
conducted. (see also Section 
6.1.2.6) MRI scanning. 

Smyth et al. (1973) 142 workers Short term total µg/100g µg/ℓ  
North America (USA) Furnace workers 0.02–171 (1.52)a 78 3–6 (3)a 11a 3–10 (7)a 11  
Ferromanganese Casting workers 3.02–206 (7.68)a 38 2–5 (4)a 6 4–53 (19)a 6  
 Controls  (3)a (7)a  

Limited value since maximum 
exposure periods chosen. No 
analysis of biometrics. 

Ruhf (1978)  Short term total    Occupational hygiene follow 
North America Furnace 0.03–22.6 (0.43)a 101    up to plant in Smyth et al. 1973. 
Ferromanganese Casting 0.02–5.2 (0.51)a 40     
 Processing 0.01–24.3 (1.94)a 254     
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Study description Study population  Exposure data    Comments 
 Duration years  range (CT) n     
 range (CT) Air* mg/m3 Blood µg/ℓ Urine Other biomarkers  

Horiuchi et al. (1970)  Total static µg/100g   Comparison of workers in ore 
Asia Ore millers 2.3–17.1 (8.4)c 5–54 (9.5)c 8–165  mills, battery manufacture and  
      welding electrode production. 
Chia et al. (1993)  Total static Blood µg/ℓ Serum µg/ℓ No information on airborne  
Asia (Singapore) 17 Baggers  (1.59)a 15.0–92.5 (25.3)b 1.7–17.9 (6.1)b 2.0–32.8 (4.5)b level other than figure,  
 1–14 (7.4)  17.3–30.1 (23.3)b 0.7–9.5 (3.9)b 1.5–6.4 (3.9)b originally quoted as 1.59µg/l 
 17 Controls     No significant correlation 
      between the blood, serum and  
      urine concentrations of each 
      worker. 
Chia et al. (1995)  Total static  µg/g Creatinine  
Asia (Singapore) 32 Ore millers  (1.59)a  0.6–53.3 (6.0)a  
 1.1–15.7 (6.5)     
      
      

Alloy production activity. 
Exposure data from company 
records. No details of methods 
provided. (See also Chia et al. 
1993). 

*Inhalable correction factor of 1.5–2.5 to convert total dust concentration to inhalable fraction 
aarithmetic mean; bgeometric mean; cmedian; dp <0.05 level; ep <0.01; fnot significant  
CEI, cumulative exposure index; MnA, manganese in air; MRI, magnetic resonance imaging; PRL, prolactin 



 
IEH Web Report W17, posted October 2004 at http://www.le.ac.uk/ieh/  

 

41

The data provided by the company were well documented and comprised 12 individual reports, with 
good contextual information covering two sampling campaigns. Each report contained details of 
individual samples, including date, unique identifier, employee name, area, occupation, sampled 
volume and the exposure concentration expressed in mg/m3. Measurement methods included IOM 
samplers and 37 mm sampling cassettes. Over 100 data points were available. Many of the individual 
results were high, including, for example, total inhalable dust (not manganese) concentrations in 
excess of 100 mg/m3. 

Overall, the exposures ranged from 0.1 to 67 mg/m3 with a geometric mean of 2.43 mg/m3. Highest 
exposures were in the crushing plant and dispatch areas. For tappers and other furnace operators 
exposures seldom exceeded 3.0 mg/m3. Appropriate respiratory protective equipment was available to 
the workforce and a documented programme to monitor its use was in place. 

Company 037 
Similar, but lower, exposure levels were reported in Company 037. The main products are 
silicomanganese and ferromanganese.  

Company data were provided in a spreadsheet containing information on sampling campaigns for 
5 years between 1995 and 2001. The data were grouped occupationally for each year. Almost all of the 
data were based on personal sampling, using either IOM samplers or 37 mm Millipore cassette 
samplers. Some data summaries were also available, as was information on total dust and on 
manganese concentrations. Comparisons between IOM and 37 mm Millipore cassettes were also 
carried out, although the study design was not described. The data were of good quality and over 
two hundred data points were available. 

Overall, exposures ranged from not detected to 32.7 mg/m3
,
 with a geometric mean of 0.88 mg/m3, 

similar to but lower than Company 036. Highest exposures were again in the packing (dispatch) 
department. For furnace operators, exposures seldom exceeded 3.0 mg/m3. No documentation on the 
use of respiratory protective equipment was available although it is understood that such equipment 
was available on site and was used in areas of high exposure.  

Company 035 
Much lower exposures were reported for Company 035, another large alloy producer. The data 
comprised a spreadsheet with summary data for 1995 and 2001. Information about sampling methods 
was also provided. Inhalable dust was collected using UKAEA sampling heads, at a flow rate of two 
litres per minute onto Gelman GLA 5000 pvc filters. Respirable dust was collected using a Simpeds 
Cyclone at 1.9 litres per minute. Respiratory protection was mandatory in some areas of the plant and 
optional in others.  

The 2001 data points were summarised into seven occupational groups based on location and activity. 
Inhalable exposures were highest in the sinter plant, while respirable exposures were highest for 
furnace workers. Relatively high levels were also reported for samplers. For furnace workers, 
inhalable manganese ranged from 0.12 to 1.0 mg/m³ (AM, 0.35) and respirable manganese ranged 
from 0.1 to 0.5 mg/m³ (AM, 0.25). For sinter plant workers inhalable manganese ranged from 0.3 to 
1.4 mg/m³ (AM, 0.7), respirable manganese ranged from not detected to 0.2 mg/m³. For brick shed 
workers the equivalent ranges are 0.1 to 0.3 mg/m³ and not detected. For laboratory workers and 
samplers inhalable manganese ranged from 0.1 to 1.2 mg/m³ (AM, 0.4) and respirable manganese 
from not detected to 0.3 mg/m³. 

The 1995 data were similar but generally higher. Summarised data were based on 239 measurements 
of inhalable and 203 measurements of respirable concentration. Mean concentrations were provided 
for 13 occupational groups listed alongside ‘estimated’ exposures, to take account of protection factors 
provided by the respiratory protection. In the non-adjusted data, measured means were highest in the 
sinter plant where (maximum) inhalable concentrations of 2.23 mg/m³ (n = 11) and respirable 
concentrations of 0.16 mg/m³ (n = 10) were measured. 
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Table 6.4 Company exposure data, alloy production  

Company ID Study population  Exposure data  Comments 
 Duration y  Air mg/m3 Sampled fraction Inhalable correction 1.5–2.5 
 range (CT) range (CT) n   
036  0.10–67.0 (2.43)b 100 IOM/Total Extensive data including reports 
037  ND–32.7 (0.88)b 100 IOM/Total Extensive data, comparisons between IOM and 37 mm. 
035  0.10–1.40 IOM Extensive summary data 
051  ND–1.43 (0.10)b 125 IOM  
016  1.0–117.5 10 Short-term samples  
031  (0.12)a  Brief summary details only 
032  (0.58)a  Brief summary details only 
aarithmetic mean; bgeometric mean 
ND, not detected 
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The data also indicated how the ratio of inhalable to respirable concentrations varied by workplace in 
the plant and, therefore, by implication, by particle size (aerodynamic diameter). In the furnace area, 
where the aerosol might be expected to be fine, the respirable concentration was 70% of the inhalable. 
In the sinter area where the aerosol might be expected to be courser, the ratio dropped to 14%. These 
changes are consistent with the changes in aerodynamic diameter.  

Company 051 
Company 051 provided summary information for five occupational groups over five sampling 
campaigns (carried out at approximately 6-month intervals). Individual data for each of the summaries 
were also available, in the form of individual gravimetric analysis values and an overall percentage 
manganese concentration (for each campaign). This information was used to calculate individual 
manganese exposures. Typically 5 data points were available for each occupational group, for each 
campaign, leading to approximately 125 data points.  

Overall, the exposures ranged from not detected to 1.43 mg/m3 with a geometric mean of 0.1 mg/m3, 
very similar to Company 035. Highest exposures were in packing (dispatch) department. No 
documentation on the use of respiratory protective equipment was available. 

The remaining three companies all provided more limited data, which were of less value. Companies 
031 and 032 provided only summary data showing (for Company 031) maximum and minimum levels 
for three years (1999–2001) with an overall range from 0.11 to 0.78 mg/m³ with no particular trends. 
For Company 032, manganese concentrations were expressed only in terms of averages, which were 
over the three years, 0.12, 0.11 and 0.12 mg/m³. Company 016 provided two reports containing a total 
of 11 samples, all of which were of short duration. In the first report, concentrations ranged from 3.5 
to 117 mg/m3, while in the second the maximum was 0.96 mg/m3. Reasons for this large differential 
were not discernible.  

6.1.2.3 Chemical production 
Production of manganese based chemicals is another important use of manganese. Typically this 
involves the use of crude manganese dioxide (MnO2) ores from which, through different chemical 
treatments, refined manganese oxides and various salts, including manganese sulphate, nitrate and 
carbonate are prepared.  

One of the most important products is electrolytic manganese dioxide, subsequently used in the 
manufacture of batteries. In this process, pulverised manganese ore is roasted in a furnace to produce 
manganese oxide (MnO), which is dissolved in leach tanks containing sulphuric acid to produce 
manganese sulphate solution. This is transferred to electrolytic cell tanks in which manganese is 
deposited onto the anodes by electrolysis. After sufficient deposits form, the plates are removed and 
the solidified MnO2 is stripped off, transferred and packed for shipping.  

Other manganese chemicals are produced by a variety of thermal or wet procedures. In all cases 
workers may be exposed to airborne manganese by emission from the process or when the raw 
materials or intermediate products are handled, transferred, roasted, processed and when the final 
products are bagged. In each case, the nature of the exposure, in terms of composition and particle size 
will depend on the process and the materials in the process. Potentially, this sector provides the most 
diverse exposures, in terms of chemical composition. Publications in this sector are summarised in 
Table 6.5.  
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Table 6.5 Exposure and biomonitoring data for chemical production 

Study description Study population  Exposure data    Comments 
 Duration years  range (CT) n     
 range (CT) Air* mg/m3 Blood µg/ℓ Urine Other biomarkers  

Lauwerys et al. (1985)  Total  µg/g Creatinine  
Europe (Belgium) 85 Workers  0.07–8.61 (0.94)b 80 1.0–33.0 (12.9)a 0.09–140 (4.37)a  
 (7.9)  0.40–13.1 (5.7)a 0.1–2.0 (0.27)a  
 81 Controls     
      
      
      

Mn oxides and salts. 
Questionnaire study. No further 
information on exposure 
methods. Authors do not state 
whether biological metric 
differences are significant. 

Roels et al. (1987b)   Total  µg/g Creatinine  
Europe (Belgium) 141 Workers (W) 0.07–8.61 (0.94)b 80 1.0–35.9 (13.6)a 0.06–140 (1.56)b  
 1.0–19 (7.1)  0.40–13.1 (0.57)a 0.1–5.04 (0.15)b  
 104 Controls (C)  W/Ce W/Ce  
      
      
      

Same site as Lauwerys et al. 
(1985), same exposure data 
quoted, biological indices reflect 
larger Cohort. MnB and MnU 
did not correlate with MnA, 
duration of exposure or each 
other. 

Crump and Rousseau  213 Workers in total   µg/g Creatinine  
(1999) Lowest year  (11)a (3.2)a  
Europe (Belgium) Highest year  (15)a (30)a  

Same site as Roels et al. 
(1987b), 11 years of surveillance 
data. 

Kawamoto and Hanley   Total    Health Hazard Evaluation  
(1997) 29 Workers 0.05–0.47 (0.16)b    Report 
North America  Total historical     
  ND–12.8 (0.52)b     
  Respirable     
  ND–0.62 (0.04)b 62     
Inhalable correction factor of 1.5–2.5 to convert total dust concentration to inhalable fraction;  
aarithmetic mean; bgeometric mean; cmedian; dp <0.05 level; ep <0.01  
MnA, manganese in air; MnB, manganese in blood, MnU, manganese in urine; ND, not detected 
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Published data  

Given the range of exposures (in terms of chemical composition and solubility) that might be expected 
in this sector, it is disappointing that only a few publications (one of which was a NIOSH Health 
Hazard Evaluation report) were identified with significant information on exposure by inhalation. A 
series of papers by Roels and his colleagues (Lauwerys et al., 1985; Roels et al., 1987b) all describe 
studies carried out in a single manganese factory in Europe, described as one of the world’s major 
producers of manganese oxides (Mn3O4, MnO2) and salts (sulphate, carbonate, nitrate). The workforce 
numbered about 150 male employees of whom 141 were potentially manganese exposed. The papers 
considered various health endpoints including fertility, effects on the lung and the central nervous 
system as well as the relationship between exposure and biological indices (see also Sections 7.2.3.3, 
7.2.5.3 and 7.2.7.1). The exposure assessment was carried out in 11 workplaces on the site from which 
a total of 80 personal air samples were taken. No specific information about the workplaces was 
provided. A programme of personal sampling (full shift) was carried out using an open filter holder, 
most probably a 37 mm type. Manganese content was determined by flame atomic absorption 
spectrometry. The airborne manganese levels ranged from 0.07 to 8.61 mg/m3 with overall mean (SD) 
and median values of 1.33 (0.14) and 0.97 mg/m3, respectively. The geometric mean was 0.94 mg/m3 

and the 95th percentile was 3.30 mg/m3; no information on particle size or chemical species was 
reported. Information about the chemical composition of the aerosol was not provided. Owing to 
frequent job turnover between the 11 workplaces in the plant, calculation of each worker’s cumulative 
exposure was described as ‘impossible’. However, based on a supervisor’s estimation of past 
exposures, workers were grouped into six exposure categories. There was a significant rank 
correlation between this subjective estimation of cumulative exposure and blood manganese levels but 
not urinary levels. On an individual basis, neither blood nor urinary manganese correlated with current 
exposure or with duration of exposure. 

Buchet et al. (1993) reported data showing larger ranges from the same plant. Respirable manganese 
concentrations (n = 29) ranged from 0.02 to 6.26 mg/m3 (GM, 0.262); total dust concentrations 
(n = 29) ranged from 0.06 to 17.01 mg/m3 (GM, 1.37). 

The cohort on this site was followed up by Crump and Rousseau (1999) but no additional exposure 
information was reported. 

Governmental inspection data  

Kawamoto and Hanley (1997) reported an investigation into neurological effects in an electrolytic 
manganese dioxide plant in North America (see also Section 7.2.5.3). The work was published as a 
NIOSH Health Hazard Evaluation report and was well described. Exposure data collected during two 
earlier studies were reported as were historical data from company records. Information on both total 
and respirable levels were reported. Full shift personal breathing zone exposures of total manganese 
ranged from 0.05 to 0.47 mg/m³ with an overall mean of 0.16 mg/m3. Based on area sampling, the 
concentration of respirable manganese ranged from 16 to 2% of total manganese and was highest in 
the Leach area. Additional information, based on company data from years 1990 to 1997 was also 
summarised. After the removal of two ‘outliers’ manganese exposures ranged from not detected to 
12.75 mg/m3 (GM, 0.52; n = 128). Information on respirable concentrations was also available, based 
on samples collected using a Dorr-Olivier cyclone. Again after the removal of two ‘outliers’, total 
exposures ranged from not detected to 0.62 mg/m3 (GM, 0.04, geometric standard deviation, 2.23). 

Company data  

Chemical production companies were able to provide important exposure assessment data. In all, six 
companies provided exposure data at varying levels of detail. The summarised company data for this 
sector are shown in Table 6.6. The data from three of the Companies (011, 040 and 012) were quite 
extensive. Data in this sector are more complex, owing to the diverse nature of the products and 
manufacturing processes. Companies 011 and 044 produce a range of chemicals but Company 012 
produces only electrolytic manganese dioxide. 
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Company 011 
This plant produces a range of manganese chemicals including oxides, salts, and metallurgical 
products. There are several separate plants within the site.  

The data provided comprised individual data for both area measurement and personal sampling. 
Approximately 150 personal sampling results were available, primarily full shift but with some short-
term samples (15 minutes). Information on activity and location was also provided. Twelve respirable 
exposure data points were also available. From the information provided, some of the results were 
described as ‘not representative’, since they were obtained during the development of a new 
production process. A company representative stated that respiratory protection was available to all 
employees, in the form of dual cartridge half mask respirators; the representative claimed a protection 
factor of ten would be associated with use of this device. This was not unreasonable. 

Overall, full shift exposures ranged from not detected to 15.4 mg/m3. Highest exposures were 
associated with the development of the new manganese process. A few short-term (20 min) exposures 
were higher, up to 24.9 mg/m3 in the metals warehouse and for filling operations. No documentation to 
support the use of respiratory protective equipment was available. 

Company 040 
This plant also produces a range of manganese chemicals including high purity oxides, and salts. 
There are several separate plants within the site. 

The data comprised a report with associated data tables and summaries. In excess of 100 data points 
for (mostly) personal sampling of inhalable exposures covering the years 1999–2001 were provided. 
The IOM sampler was used to measure inhalable exposures. Information on occupational groups and 
locations was also provided. Cyclones were used to measure respirable concentrations. 

Inhalable exposures ranged from 0.25 to 8.80 mg/m3 (GM, 1.08 mg/m3). The equivalent respirable 
range was 0.08 to 0.79 (GM, 0.26) mg/m3. Highest exposures were associated with bagging 
operations. It is understood that respiratory protective equipment was available and used on site. 

Company 012 
This is a modern plant for the production of electrolytic manganese dioxide.  

The data provided comprised a data table with results from the last ten years and some explanatory 
text. In excess of 100 data points were available. Information on occupation and on sample time were 
also provided. Sampling was carried out using Millipore 37mm cassettes. Overall exposures ranged 
from 0.02 to 47.0 mg/m3 with the highest exposures measured in bagging operations. No information 
on the usage of respiratory protective equipment was provided although it is understood it was 
available. 

The data from the remaining companies were not as useful. Company 041, an electrolytic manganese 
dioxide producer, provided only 15 data points, all from the bagging operation, of which four, ranging 
from 33.9 to 1072 mg/m3, were marked as ‘suspect tampered with’. Certainly the highest of these must 
have been. Excluding these, exposures ranged from 3.2 to 20.5 mg/m3. Companies 046 and 047, both 
electrolytic manganese dioxide producers, only had information from static sampling. 
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Table 6.6 Company exposure data, chemical production  

Company ID Study population  Exposure data  Comments 
 Duration y  Air mg/m3 Sampled fraction Inhalable correction 1.5–2.5 
 range (CT) range (CT) n   

011  0.01–15.9 150 Total 
    
040  0.25–8.80 (1.08)b 100 Inhalable 
  0.08–0.79 (0.26)b 56 Respirable 
012  0.02–47.0 (0.30) 100 Total 
041  3.2 –20.5 11 IOM 
046  0.10–4.09 Static total 
047  (0.10)a Static total 

Extensive data. Mn oxides and salts. Short-term levels up 
to 24.9 mg/m3  

Extensive data. Mn oxides and salts.  
Most personal with some static samples. 
Mn oxides.  
30% Samples indicated as tampered with. 

aarithmetic mean; bgeometric mean 
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6.1.2.4 Steel production 
The principal use for most of the manganese world wide is in the steel making industry. Both 
silicomanganese and ferromanganese are used in the production of different types and qualities of 
steel. In a typical process, silicomanganese and ferromanganese are delivered to steel making plants by 
road or rail, usually supplied either as course particles (in the millimetre size range) or in irregularly 
shaped lumps. The alloy is delivered to material handling areas and transferred to furnace areas by 
various combinations of transport, including cranes, conveyor belts and other feeders. The manganese 
alloys are added to molten steel, usually through some gravity fed chute delivery system. Manganese 
fume is generated as the alloy dissolves after these additions. Secondary steel making through heating 
of the ladle usually follows. During this period additional smaller quantities of manganese alloy may 
be added. The final production process is usually continuous casting. Typical exposures are likely to 
be similar in nature to those in alloy production (Section 6.1.2.2). The exposure during the early 
materials handling part of the process is most likely to be to manganese dust. In the later, hot parts of 
the process the principal exposure will be to manganese fume. However, given that the manganese 
alloys are only components of the product, it would be expected that exposures in steelmaking would 
be significantly lower than in production of the alloys. Published information on steel production is 
summarised in Table 6.7. 

Published data  

Exposure to manganese during steel manufacture has not been well described in the literature and few 
papers are available. Wennberg and colleagues (Cizinsky et al., 1989; Wennberg et al., 1991, 1992) 
described studies on neurological health effects in a cohort of 30 workers in two Swedish steel 
smelting plants (see also Section 7.2.5.3). Few details of the exposure methods are given; however, 
full shift personal sampling is believed to have been used. From the date of the work it is probable that 
37 mm cassettes were used to collect total dust. Exposures in the two plants ranged from 0.03 to 
1.62 mg/m3 with the arithmetic mean exposures in the two plants being 0.18 and 0.41 mg/m3. Similar 
levels were reported by Iregren (1990) who described the outcome of an epidemiological study on 
neurobehavioural effects among 30 manganese exposed foundry workers in (probably the same) two 
plants (see Section 7.2.5.3). The 15 most exposed workers were recruited from each plant. Few details 
of the exposure measurement method were reported and it is not clear whether static or area 
monitoring was employed. The reported exposure range was from 0.02 to 1.4 mg/m3 (AM, 0.25). This 
is quite similar to the levels found in production of alloy and is therefore higher than might be 
expected. There is insufficient detail to speculate as to why this might be. The authors also state that, 
based on some historical measurements, estimated respirable concentrations would be 20–80% of 
total. 

Di Lorenzo et al. (1993) investigated respiratory irritation by measuring mucociliary clearance rates in 
grinders employed in finishing operations in a foundry. Few details of the exposure assessment were 
provided and it appears that static, rather than personal sampling was used. The reported range of 
‘environmental’ measurements was 0.1 to 1.0 mg/m3. Urinary levels were not significantly raised in 
exposed workers. Manganese exposed workers showed a reduction in clearance rate compared with 
the control group. 

Governmental inspection data  

Further exposure data were available from the NIOSH Health Hazard Evaluation report series. 
Kominsky and Schulte (1983) described conditions in the steel production department of a US 
company. This department processed scrap iron and steel in electric arc furnaces to produce carbon 
steel ingots. Personal sampling measurements (n = 27), using a 37 mm cassette, full shift sampling, 
yielded manganese exposures in the range from 0.01 to 0.27 mg/m3 (AM, 0.04).  

6.1.2.5 Other metal smelting processes 
Manganese exposures have been reported in smelting processes for other metals. These include 
processes in which manganese is present in small quantities by design, for example in cast iron, where 
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a small quantity of manganese is often used in the alloying process, or those where it is present as a 
minor or trace element, for example in aluminium or nickel smelting. All of the available published 
information on these other metal smelting processes is summarised in Table 6.8. Because of the 
relatively small percentage of manganese in the product, it would be expected that manganese 
exposures would be low compared with steel or manganese alloy production. 

Published data  

The published data confirm that manganese exposures in this sector are low. Lander et al. (1999) 
describe a study of workers in three small (20 to 50 blue collar employees) cast iron foundries in 
Denmark. This study compared environmental and blood manganese levels (discussed in Section 6.2). 
Unfortunately only eight environmental (static, not personal) measurements of manganese 
concentration were made; however, the reported range was very low, 0.02 to 0.064 mg/m3. 

Westberg et al. (2001) described a comprehensive exposure survey carried out in eight aluminium 
foundries and two aluminium re-melting plants in Northern Europe. The sampling method was 
primarily personal respirable dust measurement using SKC cyclones, analysed by X-ray fluorescence. 
In the foundries manganese was described as a trace element, in all cases the exposures were less than 
0.003 mg/m3 (n = 157). In the re-melting plants, manganese exposure was higher, but still low. From a 
total of 33 measurements, the range was from 0.001 to 0.014 mg/m3 (GM, 0.0037).  

Dobecki et al. (1988) described a survey carried out in a European nickel refinery. Little detail is 
given of sampling methods; however, personal sampling, probably with a cyclone to provide the 
respirable fraction, was carried out. A total of 12 measurements from various positions within the 
refinery yielded a range of exposures from 0.003 to 0.03 mg/m3 (GM, 0.004).  

Governmental inspection data  

Data from these processes were available on the National Exposure database from workplaces in the 
UK. Three studies were found, all of which confirmed that manganese exposures in this sector were 
low. In one workplace where boat propellers were being cast from aluminium, bronze and manganese 
bronze (both raw materials containing approximately 1% manganese), a total of seven personal 
samples were collected from workers involved as furnace operators or in casting. In all cases the 
results were described as ‘not detectable’, with a quoted detection limit of less than 0.05 mg/m3. In a 
second study of three furnace operators working in ferrous metal foundries in 1990, three samples all 
yielded manganese exposures less than the detection limit, which in this case was quoted as less than 
0.02 mg/m3. Finally, in a study of workers involved in metal recycling, operating various types of 
furnaces, a total of 21 full shift samples (sampling details were not provided, however almost certainly 
personal inhalable sampling) were all less than the detection limit of 0.003 mg/m3. 

6.1.2.6 Fabrication (including welding and welding consumable products) 
Welding is by far the most common of all of the metal fabrication processes and is used everywhere 
from construction to production of automobiles. The three most common types of welding are Manual 
Metal Arc, Manual Inert Gas and Tungsten Inert Gas. 

Assessment of the exposure data for these processes is complicated by the type of sampling used 
(mostly total but also respirable), the location of the sampling head (sometimes on the welder’s chest 
or collar and sometimes inside the welding shield) and duration of exposure (measurements taken over 
a full shift or only at times of peak exposure). Exposures may be measured for the welding process 
itself, in which case the primary pollutant is a metal fume containing manganese, or in associated 
metal finishing operations, such as grinding, where the primary pollutant is a metal dust containing 
manganese, or in some combination of these two activities. In many of the studies these details were 
not specified and this may contribute to the range of exposure levels reported. Some of the highest 
exposure levels outside the producer sectors were reported in the fabrication sector. 
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Table 6.7 Exposure and biomonitoring data for steel production 

Study description Study population  Exposure data    Comments 
 Duration years  range (CT) n     
 range (CT) Air* mg/m3 Blood µg/ℓ Urine Other biomarkers  

30 Workers Total    
Plant A Summer (0.19)a    
Plant A Winter <1.49 (0.36)a    
Plant B Summer (0.17)a    
Plant B Winter 1.62 (0.45)a    

Cizinski et al. (1989) 
Europe 
(apparently same 
cohort as Iregren,1990; 
Wennberg et  
al., 1991, 1992) 60 Controls     

Short paper, few details, no other 
information on exposure. 

Wennberg et al. (1991)  Total    Estimated respirable  
Europe (Sweden) 30 Workers 0.03–1.62    concentration 20–80% of total.  
 Plant A workers (0.18)a     
 Plant B workers (0.41)a     
Wennberg et al. (1992)  Total    
Europe (Sweden) 30 Workers  0.03–1.62    
 1–45 (9.4)     
      

Grinders in foundry using  
11.5–13% Mn steel. No 
significant change in urinary 
level. 

Iregren (1990) 30 Foundry workers 0.2–1.4 (0.25)a    No information on exposures 
Europe (Sweden)      other than levels reported and 
      mean reported. 
Di Lorenzo et al.   Total  µg/ℓ   
(1993) Europe 20 Grinders 0.1–1.00  0.5–3.0 (1.1)a   
 21 Controls   0.5–1.5 (0.8)a   
Kominski and Schulte   Total     
(1983) 27 Workers 0.01–0.27 (0.04)a     
North America (USA)       
* Inhalable correction factor of 1.5–2.5 to convert total dust concentration to inhalable fraction 
aarithmetic mean  
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Table 6.8 Exposure and biomonitoring data for other metal smelting processes 

Study description Study population  Exposure data    Comments 
 Duration years  range (CT) n     
 range (CT) Air* mg/m3 Blood µg/ℓ Urine Other biomarkers  

Lander et al. (1999)  Total    
Europe (Denmark) Foundry 1 (F1) 0.007–0.064 (0.039)a 4 8.1–20.4 (13.1) 13   
Cast iron/Scrap Foundry 2 (F2) 0.002–0.008 (0.005)a 2 7.5–11.2 (9.2) 7   
 Foundry 3 (F3) No data 13.9–25.1 (16.8) 4   
 Scrap plant  0.004–0.008 2 5.0–19.5 (8.8) 22   
 Controls (C)  4.2–19.9 (8.7) 90   
   (F1+F3)/Cb   
      

Low airborne exposure and very 
few samples. Significant 
differences between combined 
group (F1+F3) and controls 
only. Significant decrease in 
combined group after cessation 
of exposure. 

Westberg et al. (2001)  Total     
Europe (Sweden) 157 Aluminium foundry workers <0.003     
Aluminium smelting 33 Aluminium remelting ND–0.14     
Dobecki et al. (1988)  Total     
Europe 12 Workers <0.03     
Nickel       
Inhalable correction factor of 1.5–2.5 to convert total dust concentration to inhalable fraction  
aarithmetic mean; bp <0.01 
ND, not detected 
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Occupational exposure to manganese can also occur during the manufacture of flux-covered manual 
metal arc electrodes and flux-cored wire electrodes for welding. The forms in which manganese is 
used in this process include manganese, ferromanganese, silicomanganese and manganese carbonate. 
A typical flux mix consists of around 25 kg of manganese in a total flux weight of 500 kg. Exposures 
can occur in mixing the flux, which can be in the form of a powder or paste, and in production of the 
wire. 

Published data 

A large number of studies reporting personal exposure to manganese during welding were identified. 
The most significant are summarised in Table 6.9, together with studies on welding consumable 
products and a number of studies on biological monitoring (see also Sections 6.2.2.5, 6.2.3.5), mostly 
on welding but also on some related sectors. 

Welding 
Most of the studies on welding were concerned with characterising exposures rather than evaluating 
health effects.  

Available studies on welding show large ranges of exposures and even relatively current studies show 
quite varied exposure levels. For example, the studies by Karlsen et al. (1994, 1996a,b) and Kucera et 
al. (2001) show relatively low levels, up to about 0.1mg/m3. These contrast with studies by 
Korczynski (2000) and Vasconcelos et al. (1996a,b), where reported exposures were much higher, up 
to 4 and 15 mg/m3, respectively. 

Karlsen et al. (1994) describes a study conducted in Europe to compare exposures resulting from 
manual metal arc/stainless steel welding carried out in three workplace scenarios: (i) inside a ship 
section; (ii) in a module for water injection into off shore wells; and (iii) regular welding in various 
workshops. Information on manganese exposure was only available in the last of these scenarios. A 
total of 25 personal samples was collected (described as ‘in the breathing zone’) and analysed for 
manganese. The exposures ranged from 0.015 to 0.120 mg/m3(AM, 0.041). Further samples were 
taken in a grinding shop where stainless steel sinks were being finished. Here the exposure range was 
from 0.011 to 0.120 mg/m3 (AM, 0.046). In Karlsen et al. (1996) the results of the study to estimate 
exposures resulting from manual metal arc welding on Inconel are reported. The work was being 
carried out on a large off-shore structure tower surrounded by approximately 4 metre high tarpaulin 
walls in the corner of a large factory. General ventilation using a strong fan was available. A total of 
18 samples yielded an exposure range of not detected (less than 0.001 mg/m3) to 0.092 mg/m3 

(AM, 0.014). Samples were collected using sampling heads placed at the welder’s collar, rather than 
inside the welding shield. It was estimated that up to 50% of the time of the welders was spent 
grinding the work pieces.  

In Kucera et al. (2001) exposures to work place air pollutants were examined in a group of 20 workers 
dealing mainly with welding, polishing, drilling and assembling of stainless steel constructions in 
Eastern Europe. Stainless steel contained an average of 1 to 2% of manganese. Metal analysis was by 
instrument neutron activation analysis. Most of the working activities took place in the main assembly 
hall equipped with a general ventilation system. However, most work stations where welding and 
polishing were carried also had local exhausts. Workers involved in polishing were equipped with 
respirators. Personal sampling was carried out but no details of the sampling head used or the location 
were given. For the welders, 15 samples yielded an exposure range of 0.005 to 0.109 mg/m3 
(GM, 0.019). For those mainly involved in polishing the exposure range was lower, nine samples 
yielded a range 0.002 to 0.081 mg/m3 (GM, 0.009). Not surprisingly, the other worker category 
exposures were lower; 15 samples yielded a range 0.003 to 0.010 mg/m3 (GM, 0.005). The study 
wrongly assumed that the evaluation of what the authors called total particulate would result in an 
over-estimation of that which was inhaled and, therefore, recommend that the appropriate measures 
should be respirable. Information on blood levels was also reported. 
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Table 6.9 Exposure and biomonitoring data for fabrication – welding and welding consumable products 

Study description Study population  Exposure data     Comments 
 Duration years range (CT) n     
 range (CT) Air* mg/m3 Blood µg/ℓ Urine Other biomarkers  
Welding 
Karlsen et al. (1994)  Total     
Europe MMA/Iconnel 0.02–0.12 (0.04)a 25     
 Grinding 0.01–0.12 (0.05)a     
Karlsen et al. (1996a)  Total     
Europe MMA/Iconnel ND–0.09 (0.01)a 18     
Kucera et al. (2001)  Total    Characterisation of exposure. 
Europe Welding 0.01–0.11 (0.02)b 15     
 Polishing 0.00–0.08 (0.02)b 9     
 Other 0.00–0.01 (0.01)b 15     
Hlavay et al. (1993)  Respirable    Respirable 58% of total. 
Europe Welders 0.21–0.70 (0.43)a8     
 Grinders 0.06–0.09 (0.08)a 6     

   
   

HSE UK National 
Exposure Database 
1986–87 
1986–01 
1988–89 

 
 
MMA 
TIG 
MIG 

 
 
0.15–2.15 (0.16)b 13 
ND–1.80 (0.06)b 11 
0.03–1.0 (0.25)b 27 

   

 
 
Steel fabrication-welded tubes. 
General engineering worksites. 

1986–01 Non specific ND–1.62 (0.08)b 42     
1986–00 Other processes ND–0.70 (0.03)b 33    Grinding, hardfacing, gouging. 
Vasconcelos et al.   Total    Evaluation of exposure for 
(1996a) MWMS 0.01–15.0 124    various welding types and tasks. 
Europe MWSS 0.03–2.5 17     
 MIG 0.01–1.0 (0.33)a 27     
Korczynski (2000)  Total    Characterisation of exposure  
North America 44 Welders 0.01–4.93 (0.02)b 42    and questionnaire. 
Smargiassi et al. (2000)  Total     
North America   0.03–0.37 (0.14)b 27     
(Canada)  Respirable     
  0.02–0.30 (0.09)b 20     
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Study description Study population  Exposure data     Comments 
 Duration years range (CT) n     
 range (CT) Air* mg/m3 Blood µg/ℓ Urine Other biomarkers  
Chandra et al. (1981)  Total Static Serum µg/ℓ µg/ℓ  
Asia (India) 20 Plant A Welders  0.44–0.99 (0.31) 13–52 20 3–87 19  
 (20)     
 20 Plant B Welders  0.50–0.80 (0.57) 13–59 16 5–240 17  
 (21)     
 20 Plant C Welders 0.88–2.6 (1.74) 13–44 20 3–45 19  
 (14)     
 Controls  10–26 20 1.8–9.4 20  

 
Probably static sampling, open 
shed.  
Separate enclosures.  
 
Ship repairs. Significance level 
not reported 

Welding consumables 
Horiuchi et al. (1970) Electrode production Total static µg/100g µg/ℓ   
  3.1–8.1 (4.9)c 4–17 (6)c 1.0–42 (4.3)c   
Kim et al. (1999)  Total    
Asia (South Korea) 16 Electrode workers 0.02–0.42 (0.15)b 17    
 34 Welders 0.1–1.56 (0.53)b 148    
      

Multi-sector welding, smelting 
welding rod manufacture. 
Exposure assessment well 
conducted. MRI scanning. 
Blood level data not separable 
by sector. 

Biomonitoring studies 
Bergert et al. (1982)    µg/ℓ Hair µg/g No exposure concentrations 
 Welders (W)   16 (14.9)a 12 (19.2)  
 Controls (C)    50 (8.96)a 20 (3.2)  
    W/Cd W/Cd  
Pantucek (1982)    µg/ℓ  
 Welders pre shift   (9.23)a 63  
 Welders post shift   (3.04)a 57  
 Controls   (1.33)a 60  
 Weighting line pre shift  (14.7)a 16   
 Weighting line post shift  (20.4)a 16   
 Crane driver pre shift  (11.16)a 6   
 Crane driver post shift  (22.1)a 6   
 Milling pre shift  (76.7)a 17   
 Milling post shift  (133.4)a 18   
 All pre shift  (41.2)a 39   
 All post shift  (71.5)a 40   
 Controls  (24)a 60   

Method development study. 
Mean results originally 
expressed as 167, 55 and 
24 nmol/ℓ.  
Levels originally in nmol/ℓ all 
post shift levels > pre, highest 
levels in milling. 
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Study description Study population  Exposure data     Comments 
 Duration years range (CT) n     
 range (CT) Air* mg/m3 Blood µg/ℓ Urine Other biomarkers  
Zschiesche et al. (1986)    µg/g Creatinine   
Europe (Germany)  0.24–8.71 (0.25)c 7.4–33.5 (12.2)c 0.2–7.3 (0.6)c   
Matczak (1988)  Total     
  <0.08     
Akbar-Khanzadeh   Total     
(1993) 209 Shipyard welders (0.14)a     
Europe (UK)       
Jarvisalo et al. (1992)  Total    MMA welding 
Europe 10 Welders 0.07–1.47 (0.36)a 24 10 (16.7)a 10 (1.1)b   
 Controls  65 (10.6)a 154 (0.3)b   
Luse et al. (2000)  Total static   Hair µg/g 
Europe (Latvia) 46 Welders 0.003–2.6 (56.6)a  (5.78) 
 Controls  (15.6)a  (1.83) 

Short paper, few details, no 
details of exposure 
measurement. 

Barrington et al. (1998) 8 Welders Total Serum µg/ℓ: µg/day   
North America (USA) Welding 0.003–4.29 21 8 (1.2)a 17–37 (7.1)a  6/21 samples >1.0mg/m3 
 Filling 0.02–4.6 11     
* Inhalable correction factor of 1.0–2.5 to convert total dust concentration to inhalable fraction 
aarithmetic mean; bgeometric mean; cmedian; dp <0.05 
HSE, Health and Safety Executive; MIG, manual inert gas; MMA, manual metal arc; MRI, magnetic resonance imaging; MWMS, manual welding mild steel; MWSS, manual welding stainless steel; ND, Not detected; TIG, 
tungsten inert gas; 
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Hlavay et al. (1993) described a small European study of workers in a metal processing shop. 
Respirable and total fractions of dust were collected by a persometer, a sampler which separated the 
total and respirable fraction. Exposures were higher in the welding shop and, for respirable 
manganese, ranged from 0.213 to 0.703 mg/m3 (GM, 0.400). The authors stated that, in the welding 
shop, the ratio of respirable to total was found to be 58%, based on full shift samples (Total number of 
welders was 7). Additional information from grinders showed respirable exposures in the range 0.063 
to 0.093 mg/m3(AM, 0.077). 

Vasconcelos et al. (1996) reported a relatively large scale study of occupational exposure in a 
metallurgic welding plant carried out over two years in Europe. Three types of electric arc welding 
processes were monitored, manual welding of mild steel, manual welding of stainless steel and manual 
inert gas. Exposure measurements were carried out by personal sampling inside the welding mask. 
Determinations of metals were performed by atomic absorption spectroscopy, other metals analysed 
for included lead, chromium, cadmium and nickel. Some speciation of the chromium exposures was 
also carried out. For manual welding of mild steel, a set of 124 personal samples was collected during 
welding on objects of different shapes and size. Local exhaust of fumes was used in a few cases. From 
the published data, the exposure range is estimated at 0.010 to 15 mg/m3. For manual welding of 
stainless steel, 22 personal samples gave an exposure range of 0.025 to 2.5 mg/m3, and for manual 
inert gas sampling, 28 samples yielded a range estimated to be from 0.01 to 1.0 mg/m3.  

One of the most recent studies is that published by Korczynski (2000) of 44 welders employed in eight 
welding companies in North America. The types of welding carried out were manual inert gas mild 
steel, manual inert gas stainless steel, and tungsten inert gas aluminium. Sampling and metal analysis 
was carried out according to NIOSH method 7300. Welders’ personal manganese exposure ranged 
from 0.01 to 4.93 mg/m3 (AM, 0.5; n = 42). The author reported that 62% of the welders were 
overexposed to manganese in comparison with the prevailing NIOSH guideline (0.2 mg/m3). Of the 
companies, 50% had only a general dilution ventilating system in the welding area, usually consisting 
of a ceiling or wall fan; 40% had no ventilation system, relying on natural ventilation. 

Smargiassi et al. (2000) describes a study to characterise exposure of welders in a Canadian factory, 
undertaking welding operations during the assembly of heavy excavation machinery accessories. The 
plant, installed in 1998, had a range of control measurements, including welding stations each 
equipped with a flexible arm local exhaust ventilation and gas metal arc welding with a vacuum 
collection. (The Electrodol gun used with this method has an integrated exhaust system). Estimates of 
both total and respirable exposures were made (total exposure using a closed face 37 mm millipore 
cassette; respirable using a York respirable dust sampler). A total of 27 measurements of total 
manganese exposure resulted in a range of 0.027 to 0.367 mg/m3 (GM, 0.144). Measurements of 
respirable exposure (n = 20) resulted in a range of 0.019 to 0.257 mg/m3 (GM, 0.094).  

In contrast to the studies above, on exposure characterisation only, an early study by Chandra et al. 
(1981), investigated neurological outcome in 60 welders from three fabrication plants in India (see 
also Section 7.2.5.6). The three plants presented different environments and led to apparent differences 
in exposure levels. The exposure information is not well described and the reported results are 
inconsistent. For one of the plants, the reported mean is outside the reported range. In Plant A, 
described as a heavy engineering shop where welding was done in an open shed, levels, based on 
static sampling, ranged from 0.44 to 0.99 mg/m³ (mean, probably AM, reported as 0.31 mg/m³). 
Similar levels were reported in Plant B, a railway workshop where each welder worked in a separate 
enclosure, closed on three sides. Here the range was 0.50–0.80 mg/m³ (AM, 0.57). The highest levels 
were found in Plant C, a ship repair site in a confined area without any ventilation provision. Here 
levels ranged from 0.88 to 2.6 mg/m³ (AM, 1.74). Blood and urinary levels were also reported (see 
Section 6.2.2.5, 6.2.3.5). Health information was collected by questionnaire and medical examination. 
The authors reported that health effects observed were not related to duration of exposure. 
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Welding consumable production 
Occupational exposure to manganese in welding consumable production has not been well reported. 
The studies available are also summarised in Table 6.9. An early study conducted in Asia by Horiuchi 
et al. (1970) compared welding consumable workers (described as electrode workers) with those 
involved in manganese ore crushing and battery manufacture. Exposure assessment was based on 
static sampling and ranged (for electrode workers) from 3.1–8.1mg/m3 (MED, 4.9). Blood and urinary 
levels were also reported. Manganese compounds in the air were reported as manganese (IV) dioxide, 
manganese (II) carbonate, silicomanganese and ferromanganese, consistent with what is known of the 
products process. 

Much lower levels were reported in a more recent study by Kim et al. (1999). This was also a 
multisector study, conducted in Asia, comparing welding consumable manufacture with welding and 
alloy production (see Section 6.1.2.2) to determine whether manganese exposure was linked to 
increased signal intensities in magnetic resonance imaging (MRI) brain images (see also Section 
7.2.5.6). Measurements of personal exposure were made, and for electrode workers they were low, 
ranging from 0.02 to 0.42 (GM, 0.15) mg/m3 based on 17 samples. 

Governmental inspection data  

Data on welding and other fabrication processes are available on the UK National Exposure Database.  

For manual inert gas welding the database contains 27 exposure measurements from five sampling 
campaigns carried out in 1988 and 1989. Exposure ranged from 0.30 to 1.0 mg/m3 (GM, 0.247). Most 
of the information was from general engineering work sites. 

The database contains 11 measurements of manganese exposure for tungsten inert gas welding, 
including data from general engineering, manufacture of steel fabrication and the manufacture of 
welded tubes. Exposures ranged from not detected (taken as less than 0.01 mg/m3) to 1.8 mg/m3 

(GM, 0.062). The measurements were taken between 1986 and 2001. Only one non-detected level was 
reported.  

For manual metal arc welding, 13 data points were available, in work places ranging from general 
engineering to further education, taken between 1986 and 1987. Exposures ranged from 0.05 to 
2.15 mg/m3 (GM, 0.157).  

Information on welding processes, not specified, was also available. A total of 42 exposure 
measurements from ten different work sites, including manufacture of containers, manufacture of steel 
fabrications and valve production, taken over the period from 1986 to 2001, were available. Levels 
ranged from ND (less than 0.01 mg/m3) to 1.62 mg/m3 (GM, 0.079). Seven of the 42 samples were 
reported as level not detected. 

Information was also available on other metal processes associated with welding. These included 
grinding, hard facing, soldering and gouging. A total of 33 measurements were available ranging from 
not detected to 0.7 mg/m3 (GM, 0.026). Ten of the 33 measurements were reported as not detected.  

6.1.2.7 Battery manufacture 
Manganese dioxide (MnO2) is a principal component in the manufacture of dry alkaline batteries. For 
the purposes of assessing exposure, the process may be considered in two parts: 

• the powder room (also called coating or process tower), where MnO2 granules are produced in an 
automated system; and 

• the depot room (or press room) where the granules are compacted into cylinders for the subsequent 
assembly of the batteries. 
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In each case exposure will be primarily to MnO2 dust. Data from battery manufacture are summarised 
in Table 6.10. 

Published data  

Publications by Roels and colleagues  describe a prospective epidemiological study on respiratory (see 
Section 7.2.3.5) and neurological (see Section 7.2.5.7) impacts among a cohort of 92 workers exposed 
to MnO2 in a Belgian dry alkaline battery plant. Poor exposure assessment methodology diminishes 
the value of these studies to some extent but the quantity of data collected and the scale of the work 
means that they are important.  

A key element of the study is described by Roels et al. (1992) who reported an exposure range for 
‘total dust’ of 0.05 to 10.84 mg/m3 (GM, 0.95); the range of respirable exposures was 0.02 to 
1.32 mg/m3 (GM, 0.22). Buchet et al. (1993) reported the same data from the same plant. Blood and 
urinary levels were also measured.  

Roels et al. (1999), described three occupational groups among the cohort of 92 people, based on an 
understanding of their exposure. The groups were (i) low exposure, comprising 23 supervisors and 
maintenance technicians, (ii) medium exposure, comprising 55 depot room workers, and (iii) high 
exposure, comprising 14 powder room workers. The results reported related to in excess of 1300 
measurements of personal exposure. In this paper only the ‘total’ exposure was reported. The method 
of assessment was deficient and was based on the total collected by a Casella cyclone, including that 
in the grit pot. No details of how the material was extracted from the grit pot were reported. Also the 
wrong flow rate was used for the sampler. The method used would have significantly underestimated 
exposure compared with conventional measurements of the total dust, owing to a potentially less 
efficient sampling characteristic, losses within the sampler and inefficient recovery from the grit pot; 
this was recognised by the authors. However, quantifying this underestimation is not possible from the 
information provided. The paper reported (in the abstract ) ‘average’ exposure levels of 0.4, 0.6, and 
2.0 mg/m3 for the three exposure subgroups, but further details are difficult to extract from the data in 
the paper, all of which is expressed graphically. A general trend of exposure reducing with time across 
all the sub groups was reported.  

Two recent studies also describe exposures in a European battery plant. The same exposure 
assessment method was used in each case and was based on static (claimed to be inhalable) rather than 
personal sampling. Bader et al. (1999) investigated the relationship between exposure and biological 
indices in 100 workers from three areas (identified as white, grey and black) of the plant. Exposure 
estimates increase from 0.004 mg/m³ in the white area to 0.387 mg/m³ in the black area. 
Measurements of manganese in blood, urine and hair were also made (discussed in Section 6.2.5.1) 
and significant increases in both blood and hair levels found. Dietz et al. (2001) used MRI (see 
Section 7.2.5.7) to investigate manganese deposition in the brain in 11 battery workers, with the 
highest manganese exposure, from the cohort studied by Bader and colleagues. The exposure range 
was reported as 0.137 to 0.794 mg/m³. Blood, urine and hair manganese content were also reported. 

Hanley and Lenhart (2000) reported a small study, principally to evaluate the effectiveness of 
respirators in a dry alkaline battery plant in the USA. Most of the employees wore respirators. They 
provided exposure information for two occupational groups, process tower jobs and press room jobs. 
Results were presented for both an initial study and a follow up study, carried out following 
engineering improvements to the facility. Samples were collected by personal sampling, using 
millipore cassettes, and the results were reported as total manganese concentrations. 
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Table 6.10 Exposure and biomonitoring data for battery manufacture 

Study description Study population  Exposure data     Comments 
 Duration years range (CT) n     
 range (CT) Air* mg/m3 Blood µg/ℓ Urine Other biomarkers  
Roels et al. (1992)   Total  µg/g Creatinine  
Europe (Belgium) 92 Workers (W) 0.05–10.84 (0.95)b 92 2.1–21.0 (8.1)b92 0.015–7.3 (0.84)b92  
 0.2–17.7 (5.3) Respirable    
  0.02–1.32 (0.22)b 92    
 101 Controls (C)  2.5–13.1 (6.8)b101 0.01–0.49 (0.09)b 101  
   W/Ce W/Ce  

Grit pot. Respirable 25% of 
total. Buchet et al. (1993) 
investigated HVA excretion in 
this group but found no 
relationship with MnB. 

Roels et al. (1999)  Total    
Europe (Belgium) 92 Workers     
 23 Maintenance (0.40)b    
 55 Depo-room (0.60)b    
 14 Powder room (2.00)b    
      
      

Exposure checks based on air 
samples. No breakdown across  
occupational groups. 

Gennart et al. (1992)   Total  µg/g Creatinine   
Europe (Belgium) 70 Workers  (0.71)c 2.1–21.0 (8.1)b 92 0.02–7.33 (0.84)b 92   
(Subset of cohort (6.2) Respirable     
from Roels et al., 1992)  (0.18)c     
Bader et al. (1999) 100 workers from 3 areas, Inhalable static  µg/g Creatinine Hair µg/g 
Europe (Germany) White (W), Grey (G), Black (B)     
 39 W 0.001–0.012 3.9–25.8 (10.7)a 0.1–1.2 (0.24)a 0.7–36.9 (5.8)a 
 (11) (0.004)a 16    
 22 G 0.012–0.037 3.2–23.0 (11.7)a 0.1–1.0 (0.31)a 0.9–36.6 (7.0)a 
 (14) (0.037)a 4    
 39 B  0.137–0.794 6.1–23.3 (13.8)a 0.1–2.0 (0.26)a 1.4–49.6 (10.5)a 
 (13) (0.387)a 4    
 17 controls (C)  2.6–15.1 (7.5)a 0.11–0.67 (0.26)a 0.6–31.4 (5.3)a 
   B/Cd, B/Wd  B/Cd, B/Wd 

Exposure assessment methods 
not well described. 

Dietz et al. (2001)  Inhalable static µg/ℓ µg/ℓ Hair µg/g W/C not significant, all indices. 
Europe (Germany) 11 Workers (W) 0.137–0.794 (0.387)a 9.1–19.6 (14.8)a 0.2–0.7 (0.4)a 1.1–12.2 (5.8)a  
(Subset of Bader et al.,  11 Controls (C)  3.9–22.5 (11.0)a 0.2–1.1 (0.4)a 0.8–10.3 (3.9)a  
1999 cohort)       
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Study description Study population  Exposure data     Comments 
 Duration years range (CT) n     
 range (CT) Air* mg/m3 Blood µg/ℓ Urine Other biomarkers  
Hanley and Lenhart   Total    
(2000) 17 Process tower 0.10–5.41 (0.87)b    
North America (USA) 37 Press room 0.14–2.52 (0.50)b 37    
      

Respirator evaluation study. 
Particle MMADs 6–19 µm. 2 
Studies. Total from contents of 
cyclone. 

Gan et al. (1988)  Total  µg/ℓ  
Asia Workers <0.62 4.0–49.0 (22.6)b 67 1–110 (5.97)b 67  
 Controls  1.0–46.0 (13.0)b 58 1.0–15.0 (1.73)b 58  
      

Ambitious study. Contrasts 
battery workers with ‘ore 
crushers’ looking at relationship 
between MnA – MnB and  
MnA – MnU 

Horiuchi et al. (1970)  Total static µg/100g µg/ℓ   
Asia Workers 1.9–21.1 (8.4)c 4–20 (8)c 1–42 (6.0)c   
Inhalable correction factor of 1.5–2.5 to convert total dust concentration to inhalable fraction 
aarithmetic mean; bgeometric mean; cmedian; dp <0.05; ep <0.01 
HVA, homovanillic acid; MnA, manganese in air; MnB, manganese in blood; MnU, manganese in urine; MMAD, mass median aerodynamic diameter 
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In the process tower, initial exposures ranged from 0.36 to 5.41 mg/m3 (GM, 1.5) based on ten 
samples. In the follow up study, exposures in this area had reduced substantially and ranged from 0.10 
to 1.63 mg/m3 (GM, 0.30; n = 7). In the press room, exposures were lower in both the initial and 
follow up studies. Initial exposures ranged from 0.25 to 2.52 mg/m3 (GM, 0.67; n = 19). In the follow 
up, exposures had again been reduced substantially and ranged from 0.14 to 0.89 (GM, 0.41; n = 18). 
Evaluation of respirator performance resulted in protection factors ranging from 5 to 65. The study 
was well conducted and the initial levels are consistent with those reported by Roels and colleagues. 

Gan et al. (1988) described a study to contrast exposures and biological levels in three dry-cell battery 
factories and two manganese ore milling plants in SE Asia. In all, 83 personal samples were collected 
from 38 workers using a 37 mm Millipore cassette sampling at a flow rate of 1.5 litres per minute. No 
information on the distribution of numbers between the two sectors is given. For the battery 
manufacturers, two occupational groups were described. For the mixing section, the ‘mean’ exposure 
was 0.62 mg/m3, and for the compressing section, it was 0.08 mg/m3. Information on blood and 
urinary levels was also reported and relationships between these and exposure levels derived. These 
are discussed in more detail in Section 6.2. The study was ambitious in scope but provided insufficient 
detail. 

Older data were reported by Emara et al. (1971) in a neurological study of 36 workers in a battery 
factory in Egypt (see Section 7.2.5.7). Airborne dust levels were assessed using a midget impinger, 
used as a static sampler, to measure total dust. Levels were much higher than those reported in more 
modern studies. Highest levels were in ‘unpacking’ and ranged from 36.6 to 45.7 mg/m3 expressed as 
total mass, with an estimated 65–70% of the dust comprising MnO2. Although well conducted, this 
study seems to be of limited applicability to current exposures. 

6.1.2.8 Agricultural products 
Occupational exposure to manganese is likely to occur in the agricultural sector from the production 
and use of animal feed supplements, trace element fertilisers and fungicides such as Maneb 
(manganese ethylenebis(dithiocarbamate)). 

Exposure in production of these materials is likely to be due primarily to powder handling operations, 
such as manual bag opening, tipping and disposal. In some cases these are in liquid form where, in a 
production process, the potential for exposure may be reduced. Production processes will range from 
large feed mills to much smaller local organisations. Manganese exposure in pre mix production of 
animal feed supplements is primarily due to handling manganese oxides. In large facilities, tens of 
tons of this material may be used. In the formulation of trace element fertilisers, the main source of 
manganese is manganese carbonate. Again in large production facilities tens of tons may be used.  

No published information on the manganese exposures resulting from the production of these 
materials has been identified.  

Farmers are potentially exposed to manganese when using animal feed supplements to feed live stock, 
including cattle, sheep, pigs, chickens and so on. The manganese concentration of the feed is low (up 
to 250 mg per kg) and, typically, feeds are supplied in pellet form.  

Farm workers may also be exposed to manganese when preparing and spraying trace element fertiliser 
solutions. The maximum manganese concentration in these solutions is likely to be around 1%. 
Exposure is likely to vary depending on the level of technology used to carry out the spraying. No 
published data were identified. 

Maneb is an organometallic compound, which is widely used as a fungicide for the protection of 
edible crops in market garden regions. Exposure will vary with the level of technology used to 
disperse the material, and exposures will be highest where manual dispersion or spraying is used. No 
published data on exposures resulting from the use of Maneb were available; however, Ferraz et al. 
(1988) described the study of 69 rural workers in South America who had ‘close contact’ with Maneb 
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for a period of more than 6 months and reported significant differences in some neurological 
symptoms. 

6.1.2.9 Pigments, paint and glass 
Deschamps et al. (2001) described a small study of manganese dioxide exposure and neurological 
effects (see Section 7.2.5.9) from an enamels production company in France. The cohort comprised 
143 workers; very limited exposure information was available. Fifteen personal samples, described as 
being respirable (no detail of measurement methods given), ranged from 0.01 to 0.23 mg/m3 

(AM, 0.057). In addition, 15 static samples were taken, again described as being respirable. For these 
measurements levels ranged from 0.01 to 0.045 mg/m3 (AM, 0.013), approximately four-fold lower, 
giving some indication of the magnitude of differences which can occur, even for respirable samples. 

Pigments used in the production of glass contain chromates, oxides and sulphides of various metals 
including manganese dioxide. Workers engaged in the production of coloured glass articles may be 
exposed to fume and dusts from these pigments. Few studies are available which report exposures in 
glass industries. Andersson et al. (1990) described a study in three European glass works; however, in 
no case was manganese measured above the detection limit, claimed as 0.001 mg/m3. Arai et al. 
(1994) described a study of cloisonné glaze workers in Asia; no information on exposure was 
presented. Similarly, Srivastava et al. (1991) reported a study on 78 workers from the glass bangle 
industry; although blood levels of manganese were measured, no exposure information was available. 

Data on pigments, paints and glass are summarised in Table 6.11. 

6.1.2.10 Synopsis on levels in workplace air 
Occupational scenarios 

This section has identified exposure information across most of the occupational exposure 
scenarios in which exposure to manganese could occur. In general, there were few studies with 
good exposure data, and in almost all cases the number of data points on which each study was 
based was also low. No data were available for some industrial sectors (agriculture, electronics).  

In mining, more than any other sector, exposures appear to depend on the level of technology 
used for mining and for dust control. To some extent this will also relate to the region where the 
mining is taking place. Two recent studies illustrate this clearly. Very high manganese exposure 
levels, up to 114 mg/m³ total, 43.3 mg/m³ respirable, have recently been reported, in a study 
(Boojar & Goodarzi, 2002) from Iran. These contrast with levels in a second and larger recent 
study in South Africa (Myers et al., 2002), where a maximum level of 1.5 mg/m3 has been 
reported. A third recent, small study (Koudogbo et al., 1991) and two studies, (Rodier, 1955; 
Schuler et al., 1957) based on environmental sampling only, from the 1950s, have also reported 
exposures ranging to tens and hundreds of mg/m³. There is a need for more data for this sector. 

In production of metal and metal alloys, two discreet occupational scenarios are discernible: 
handling, crushing and mixing of the raw materials and final products, in which exposure is 
primarily to manganese dust; and the electrowinning area in metal production, and the furnace 
and casting areas for alloys, in which exposure is primarily to manganese fume. It is probable, 
based on knowledge of the generic processes, that the aerodynamic diameter of manganese fume 
is much smaller than that of manganese dust. Even where exposure levels expressed as mass 
concentration are similar, the challenge to individuals may be quite different. However, these 
scenarios have not been well differentiated in published studies.  
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Table 6.11 Other occupational exposure and biomonitoring data for pigments, paints and glass 

Study description Study population  Exposure data     Comments 
 Duration years range (CT) n     
 range (CT) Air* mg/m3 Blood µg/ℓ Urine Other biomarkers  
Deschamps et al.   Respirable     
(2001) 138 Workers  0.010–0.29 (0.06)b 0.5–19.6 (9.4)a 138 138   
Europe (France) (19.87)      
Enamel 137 Controls  3.1–18.2 (9.2)a 45 45   
Andersson et al. (1990)  Total     
Europe ND ND     
Pigments/paint/glass       
Arai (1994)    µg/ℓ   
Asia 49 Workers  22.2–69.4 (37.3)a 49 0.45–5.06 (2.48)a 49   
Cloisonné 62 Controls  3.5–58.3 (14.5)a 62 0.11–3.3 (1.0)a 62   
Srivastav et al. (1991)       
SE Asia Workers  (69.5)a    
Glass       
* Inhalable correction factor of 1.5–2.5 to convert total dust concentration to inhalable fraction 
aarithmetic mean; bgeometric mean 
ND, not detected 
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For production of manganese metal, the key study is by Gibbs et al., 1999, which was carefully 
conducted and reported. Airborne manganese exposures were assessed for each of 12 job 
categories. However, the data as reported did not discriminate between the job categories so it is 
not possible to attribute levels to the two scenarios identified above. Total dust levels ranged 
from 0.028 to 0.8 mg/m³ (based on 63 measurements) with a geometric mean of 0.11 mg/m3. The 
equivalent respirable values were 0.005 to 0.23 (GM, 0.036). Cumulative exposure indices were 
also calculated for each worker based on mean levels (in terms of total or respirable) for each 
job category, and job history. The reported geometric mean lifetime integrated respirable 
metric was 0.53 mg/m³.year and for total 1.5 mg/m³.year.  

For production of metal alloys the two most significant programmes of work are the recent 
study reports by Ellingsen et al. (2003) and the series of publications by Lucchini and 
colleagues. 

Ellingsen et al. (2003) provided the most detailed exposure information of all of the studies 
reviewed. Inhalable manganese exposures, measured using IOM personal inhalable samplers, 
ranged from 0.007 to 27.1 mg/m3 (GM, 0.254) Respirable exposures ranged from 0.002 to 
1.01 mg/m3 (GM, 0.028) and the ratio of respirable to inhalable concentrations was 0.11, based 
on total of 153 side-by-side measurements. This was the only comparison between inhalable and 
respirable samplers in the industry. This is an important outcome of this study since, as the 
authors note, respirable manganese is most easily absorbed into the body while most of 
inhalable manganese will be swallowed. Information concerning composition, grouped into four 
species was also provided. Most of the manganese was in oxidation state 0/2+. Blood and urinary 
levels were also reported (See Section 6.2) and compared with inhalable and respirable 
manganese concentrations and with manganese species. This is the only study in any industry 
sector for which this has been investigated.  

Much less detail was provided in a series of Italian studies reported by Lucchini and colleagues 
(Alessio et al., 1989; Mutti et al., 1996; Lucchini et al., 1997, 1999; Apostoli et al., 2000). 
However, the studies are important for characterisation of exposures in modern European 
plants. In these studies, exposures, all expressed as total dust, generally ranged up to about 
2 mg/m3, of a similar order but slightly higher than those reported by Ellingsen and colleagues.  

In older studies and some studies from Asia, much higher levels were reported. Wang et al. 
(1989) reported exposure concentrations (based on static sampling) up to 28.8 mg/m3 but with 
no details about the methods or strategy used. From three studies in the 1970s, one in Europe 
and two at the same plant in North America, exposures up to 171 mg/m3 were reported (based 
on short duration sampling at times of peak exposure).  

The most detailed information in this sector was obtained from the companies. However, these 
data showed contrasting information. Out of the four sites for which data at a necessary level of 
detail were obtained, exposures in two of the sites were high, up to 67 and 32 mg/m3. In the 
other two sites, reported exposures were much lower and did not exceed 1.5 mg/m3. Production 
methods appeared similar in all sites so the reasons for these differences are not immediately 
apparent. Respiratory protective equipment was available at all of the sites although the extent 
to which this was used could not be independently verified. 

Information on exposures resulting from production of manganese based chemicals was 
obtained from a limited number of papers in the peer reviewed literature and from company 
data. A series of papers described a study (Lauwerys et al., 1985; Roels et al., 1987b) at one 
European site producing a range of manganese chemicals, where airborne manganese levels 
(total) ranged from 0.07 to 8.61 mg/m3. Kawamoto and Hanley (1997) reported similar levels in 
a US electrolytic manganese dioxide plant where (based on company occupational hygiene data) 
total dust exposures ranged up to 12.8 mg/m3 and respirable levels ranged up to 0.62 mg/m3. No 
other useful published data were identified. However, good quality company data were obtained 
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from three sites. In one of the sites reported levels were similar to those in the published 
literature. In the other two sites, levels were higher, up to 15.9 mg/m3 in a plant producing 
oxides and salts and up to 47 mg/m3 in a plant producing electrolytic manganese dioxide. 
Respiratory protective equipment was available at all of the sites. 

In steel production, occupational scenarios similar to those in alloy production can be found. 
However, all of the studies were on grinders involved in steel finishing operations. In steel 
making, based on one group of studies, exposures ranged from 0.03 to 1.62 mg/m3. A second 
study in a steel re-melting plant yielded exposures in the range of 0.1 to 2.7 mg/m3. Other 
smelting processes, including a cast iron foundry, aluminium foundries and nickel refineries, all 
yielded very low manganese exposures, generally less than 0.06 mg/m3. Most of the samples 
were ‘not detectable’. 

Welding and other fabrication processes accounted for a large number of the studies identified. 
Assessment of the exposure data for these processes was complicated by both the type of 
sampling used (mostly total but also respirable) and the location of the sampling head 
(sometimes on the welder’s chest or collar and sometimes inside the welding shield). In many of 
the studies these differences were not fully clarified and this may have contributed to the range 
of exposure data found. The welding task also includes actual welding, in which the primary 
pollutant would be a metal fume containing manganese, and metal finishing operations, such as 
grinding, where the primary pollutant would be a metal dust containing manganese. The 
highest levels (Vasconcelos et al., 1996a) were reported for manual welding of mild steel, where 
exposures taken inside the welding mask ranged up to 15 mg/m3. In the same study, for stainless 
steel and for manual inert gas welding, exposures ranged up to 2.5 and 1.0 mg/m3. However, 
these levels were not typical. More typically, exposures to total dust were lower and below 
0.2 mg/m3 in almost all cases. One study (Hlavay et al., 1993) reported respirable exposure 
concentrations that ranged from 0.2 to 0.7 mg/m3. 

In battery manufacture, two occupational groupings can be determined in most studies. In 
processing, MnO2 granules are produced, and in the press room, granules are compacted into 
cylinders for the subsequent assembly of batteries. Where these have been differentiated, higher 
exposures were found in the process tasks. The key studies were those by Roels and colleagues 
(Gennart et al., 1992; Roels et al., 1992) conduced at an European plant. Total dust exposures 
ranged up to 10.84 mg/m3, although the measurement method used was flawed and would lead 
to an underestimate (not quantifiable) of exposure. Respirable exposure ranged up to 
1.32 mg/m3. Similar levels were reported by Hanley and Lenhart (2000) in a study in the USA 
with exposures up to 5.41 mg/m3 in the process tower and 2.52 mg/m3 in the press room. 

No information was found on exposures in the production and use of agricultural products 
including animal feed supplements, trace element fertilisers and fungicides. 

No substantive occupational exposure information was identified for pigment manufacture use 
or the use of potassium permanganate as a cleaning and etching agent in printed circuit board 
etching. 

Relationships between metrics (total, inhalable, respirable) 

Manganese exposure data have variously been expressed in terms of total, inhalable or 
respirable manganese. In a few studies, information relating to the ratio of respirable to total or 
inhalable and of inhalable to total manganese was also identified. This is summarised in Table 
6.12. Such comparisons are useful in making judgements about the relative magnitude of these 
fractions. However, as indicated in Section 5, no general ratios between measurements of 
respirable and total (or inhalable) exposure should be expected, since any relationship will 
depend intrinsically on the aerodynamic size distribution of the aerosol being measured, which 
is seldom known. This will differ between workplaces and between processes within workplaces; 
however, no direct information on particle aerodynamic diameter was identified in any of the 
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studies reviewed. Indirect evidence for particle size differences resulting in changes in observed 
ratios between fractions can be clearly seen in Table 6.12.  

For example, in Company 035, the ratio between respirable and total manganese for the sinter 
plant (0.14) is quite different to that for the furnace area (0.52). Since these ratios are based on 
mean exposures, ratios calculated from single side-by-side measurements may be expected to 
have to even greater divergence.  

Information on the ratio between inhalable and total levels is provided by Myers et al. (2002), 
for mining, Hetland et al. (1998), for alloy production, and in data from Company 037 (also 
alloy production). Myers and colleagues reported a ratio ‘about’ 1.3–1.4 based on 30 side-by-
side comparisons over variable conditions. This was an approximation of the ratio, rather than 
a range of values obtained. Hetland and colleagues reported ratios for three alloy plants, in each 
case derived from the ratio of medians obtained from 100 side-by-side samples. The personnel 
wearing samplers were randomly selected from the workforce and there was no differentiation 
by task. The ratios were 2.6, 1.81 and 1.66. Task-based information was available in alloy 
production from the data provided by Company 037. For casting, individual side-by-side ratios 
ranged from 0.45 to 2.96 with a geometric mean of 1.13 (AM, 1.21; based on 17 samples). For 
tapping, individual side-by-side ratios ranged from 0.64 to 2.34, with a geometric mean of 
1.24 (AM, 1.34; based on 28 samples). Finally, for packing, individual side-by-side ratios ranged 
from 0.07 to 28.6 with a geometric mean of 1.64 (AM, 3.16; based on 54 samples). 

Several authors reported on the ratio of respirable to total dust although in many cases only 
minimal information concerning the derivation was provided. In some cases, the ratio was not 
reported but the data provided enabled it to be calculated. For mining, Boojar and Goodarzi 
(2002) reported both respirable and total dust (total dust underestimated using only the 
contents of a cyclone grit pot). Evaluation of the ratio from the published data (AM) gives 0.45, 
0.41 and 0.38 for the three stages of that study. 

Gibbs et al. (1999) carried out side-by-side sampling, using cyclones and 37 mm total dust 
samplers, in the production of manganese metal. Mean levels (both AM and GM) were 
reported, each for 63 samples. Based on the geometric means reported, the ratio of respirable to 
total manganese was 0.33. (Based on arithmetic means the result was similar at 0.37). Apostoli et 
al. (2000), in a ferroalloy plant, supplemented personal sampling for total dust with parallel 
sampling of the ratio between total and respirable in ten representative areas (no details 
provided) and found the ratio to be ‘relatively constant’ at 0.35 to 0.5 (reported as the inverse at 
2.0–2.8). Further information on alloy production was available from Company 035. Here 
information on total and respirable manganese was available. All measurements were carried 
out during a single year’s sampling campaign but it was not clear whether both sets of 
measurements had been carried out simultaneously. If the measurements had been carried out 
at different times, the uncertainty in any derived relationship would be greater than for 
simultaneous measurements. For the furnace area, based on the provided means (probably AM) 
for 12 respirable and 19 total manganese samples, the ratio of respirable to total was 0.52. For 
the sinter plant, the equivalent ratio, based this time on five respirable and eight total 
manganese samples was 0.14 although several of the respirable measurements were at or below 
the limit of detection.  

Information on the relative proportions of respirable and total manganese in manganese 
chemical manufacture was obtained from Company 040. They provided respirable data for 
various worksites, based on around 40 determinations of respirable manganese. A few of these 
were ambient rather than personal. These measurements were matched against measurements 
of either total dust or total manganese for the same wearer but on different days. The company 
summarised these data into ‘production’ zone and ‘dusty’ zone (primarily packing and 
dispatch) and provided arithmetic and geometric means and ranges for each, along with overall 
means and ranges for the whole factory. Respirable to total ratios were calculated from these 
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summary statistics. The calculated ratios were not dependent on the ‘zone’ and were, based on 
geometric means, 0.24, 0.23 and 0.24, for production, dusty and whole factory respectively. The 
equivalent ratios based on arithmetic means were 0.20, 0.19 and 0.20. 

Kawamoto and Hanley (1997) reported company data comparing respirable and total 
manganese from an electrolytic manganese dioxide plant. The data were all based on static 
sampling, limited to 14 samples, apparently collected simultaneously from four worksites within 
the plant, ore shed, leach area, cell room and finishing/bagging. Summary statistics were 
reported but they do not match with the published base data. Re-evaluation of the data 
indicates an overall ratio of 0.13, based on the arithmetic mean of the ratios. The number of 
samples in each of the worksites was small, which limits reliability. However, the ratios were 
calculated as 0.18 for the ore shed, 0.21 for the leach area, 0.47 for the cell room, and 0.15 for 
the finishing area. 

Roels et al. (1992) reported data for respirable and total manganese in battery manufacture 
obtained by comparing material collected on a cyclone filter with the amount sampled by the 
cyclone (from the contents of the grit pot). The authors reported that ‘on average, the 
manganese content of the respirable fraction represented 25% of the manganese content of the 
total dust’, (i.e. a ratio of 0.25). 

Only one study was identified which directly compared the inhalable and respirable fractions. 
Ellingsen et al. (2000), in a study in alloy production, reported a ratio of 0.106 (GM of individual 
ratios) based on 153 side-by-side samples. This ratio varied according to the department or 
occupational group and was highest for those in the furnace house, particularly crane operators 
(0.391, based on 9 measurements). The other identified groups were more similar. For other 
furnace workers (the group for which the ratio was next highest), the reported ratio was 0.143 
(based on 43 pairs). The lowest ratio was reported for those in the product department (0.074, 
based on 11 measurements). These variations are indicative of a relatively coarse aerosol in the 
raw material department and a finer aerosol, particularly at higher levels, in the furnace area. 
This is consistent with the current understanding of the process. 

Generalisation of ratios  
In considering which metric is appropriate for the setting of new standards for manganese (see 
Section 11), it will be necessary to take account of modern trends and developments in relation 
to setting standards based on biologically relevant fractions. In particular, consideration will be 
given to setting a standard based on the inhalable fraction, now accepted as the basis for 
standards by all of the major standard setting bodies world-wide. Consideration will also be 
given to setting a standard based on the respirable fraction, representing aerodynamically 
smaller particles capable of penetrating to the deep lung. Given that most of the studies that 
have been reviewed in this section have reported exposures in terms of total manganese 
concentrations, it is necessary to consider how these may be used to inform decisions and 
recommendations about standards based on the inhalable or respirable fraction. 

As has been already stated, there are no simple relationships that can be applied to convert one 
fraction to another. This is because all of the fractions have definitions that are functionally 
dependent on the aerodynamic diameter of the aerosol or dust being measured. Only if the true 
aerodynamic diameter is known can conversion factors be calculated. Even then, such 
conversion factors would only be relevant provided that the aerodynamic diameter remained 
unchanged. True aerodynamic diameter has not been historically easy to measure. From the 
studies reviewed, it is clear that very little is known about particle size distributions and how 
they vary in space and time, in the manganese producer or user industries. In this respect, the 
manganese producer industry is not at all dissimilar to most other similar industries. 

The alternative is to conduct studies comparing sampling instruments in different industrial 
scenarios, and to try to develop plausible ranges for generalised conversion factors, based on the 
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outcomes of these and on other published work, such as the working conversion factors 
proposed by Werner et al. (1996). The studies identified are very helpful in this respect, 
although they do suffer (as might be expected in independent studies) from the lack of a 
consistent protocol for measurement and statistical analysis. A further difficulty is a lack of 
genuine task-based information. Most of the comparisons are likely to include data from a 
range of tasks. For example, in the Hetland et al. (1998) data from alloy production, the 
comparisons were carried out on workers who were randomly selected, so some would have 
been involved in materials handling processes, whilst others would have been involved in hot 
processes, such as casting and tapping. The exception is Ellingsen et al. (2003), in which good 
task-based information is available. However, even here, with the exception of the crane drivers, 
the reported ratios are broadly similar. Because of this it seems inappropriate to try to assign 
single conversion factors for particular industry sectors; the best that can be achieved is to 
describe a range of possible factors. How this range might be used then depends on its 
application. 

Considering, first, the relationship between total and inhalable level, information is available 
from mining, and alloy production. Werner and colleagues suggest a factor of 2.5 for ‘dust’ 
including mining, ore and rock handling and handling of bulk aggregates. Three data sets 
would fit within that category: Myers and colleagues in mining, with a factor 1.3–1.4; Hetland 
and colleagues where some of the (randomly assigned) workers in the three plants would have 
been carrying out handling tasks, and the factors were 2.6, 1.81 and 1.66; and Company 037, 
where the differentiated task, packing, is a handling operation, and the reported ratio is 3.16. A 
range of 1.3 to 3.2 would cover all of these ratios and would include the working conversion 
factor of Werner and colleagues. 

Werner and colleagues suggested a factor of 1.5 for ‘hot processes’. Here the relevant data are 
those from Hetland and colleagues, where some of the workers would be involved in hot process 
tasks, and the casting and tapping, from Company 037. The ratios from these data are 2.6, 1.81 
and 1.66, from Hetland and colleagues, and 1.21 and 1.29, from Company 037. A range of 1.2 to 
2.6 would cover all of these ratios and would include the working conversion factor of Werner 
and colleagues. 

Given that these two ranges are very close, it is questionable whether there is any advantage in 
having two ranges. A better approach would be to use a single range of 1.2 to 3.2. 

Considering, next, the relationship between respirable and total levels, information is available 
from mining, metal and alloy production, chemical manufacture and battery manufacture. Here 
working conversion factors are not available as a guide but a similar approach, grouping, as far 
as possible, by the task-based approach of Werner and colleagues would seem to be a logical 
extension. However, the lack of task-based information makes this approach difficult. All of the 
studies identified are likely to contain data from materials handing tasks. To include almost all 
studies would require a range of 0.10 to 0.5. Looking at the hot processes, data from Gibbs and 
colleagues, Apostoli and colleagues and Company 035 in manganese metal/alloy production, and 
Company 40, would require a range 0.15 to 0.5. It seems therefore appropriate to apply a range 
of 0.10 to 0.5 to all of the industry scenarios. At the margins, this does just exclude the Company 
035 data (0.52).  

The respirable:inhalable ratios reported by Ellingsen and colleagues (0.106) are also consistent 
with a respirable:total range of 0.10 to 0.5, given a likely inhalable:total range of 1.2 to 2.6. 

How these ranges are used depends on the application. In evaluating a no-effect study where 
data for exposure to total manganese are available, a suitably conservative approach to estimate 
the equivalent respirable exposures would be to use the lower boundary of the range, that is, 
0.10, as a conversion factor. This would similarly be the case in trying to estimate inhalable 
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exposures from total exposures. Again use of the lower boundary, in this case 1.2, as a 
conversion factor would provide a conservative estimation of the inhalable exposure. 

It is recognised that these boundaries are wider than might have been hoped for. More task-
based information, collected from well designed studies, would be required to produce 
narrower, but still acceptable, ranges.  

Although this approach does appear to offer some consistency, it must be used with caution. If 
ratios of this type are to be applied, then an understanding of the process leading to the 
exposure rather than just the industry sector is required. Such an understanding is best gained 
by proper characterisation of workplace scenarios. 

6.2 Biological monitoring of occupational exposure 
6.2.1 Introduction 
This section provides a summary of the available biological monitoring data for manganese. 
Monitoring of concentrations in bodily fluids, such as blood, urine and seminal fluid, in faeces, in 
hair, in tissues from live subjects or from post mortem investigations can, in principle, provide 
valuable data, if the concentrations can be correlated with the results of clinical investigations or with 
exposure. In general, biological monitoring can assist in the occupational scenario, by helping to 
identify individuals who have received excessive exposure and are at risk of developing clinical 
abnormalities. The ideal biological monitoring technique would be easily administered and acceptable 
to the subjects, be inexpensive to perform and be undertaken on a regular basis. The technique would 
provide a high degree of correlation with actual or potential toxicity and would be sensitive to early 
damage or the potential for damage at a reversible/preventable stage.  

For manganese, the primary route of elimination from the body is via the faeces (see Section 7.1), 
from both unabsorbed manganese and from biliary excretion of absorbed manganese. Although this 
might be expected to be indicative of manganese exposure, few studies have reported faecal exposure 
owing to difficulties in sampling. 

For the most part, biological monitoring of manganese has comprised measurements of manganese 
concentrations in urine and in blood. Studies reporting these concentrations are reviewed in Sections 
6.2.2 and 6.2.3. Studies investigating the relationships between these metrics and exposure by 
inhalation are reviewed in Section 6.2.4. Other biological metrics are reviewed in Section 6.2.5. 

Information on manganese in urine and in blood has been organised following the approach adopted 
for airborne exposure data in Section 6.1.  

The principal source of data was the peer reviewed literature arising from a range of epidemiological 
and other studies. No substantive company data sets were made available within the time frame for 
this review. The optimum core set of summary statistics was defined as the range (max and min), the 
number of samples (n), and geometric mean (GM). Where these summary statistics were not reported 
the most appropriate alternative has been used herein.  
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Table 6.12 Ratios of exposure metrics 

Study description  Ratios   Comments 
Lead author  Respirable/ 

Total [A] 
Respirable/ 
Inhalable [B] 

Inhalable/ 
Total [C] 

 

Mining      
Boojar and Goodarzi 
(2002) 

 0.45, 0.41, 0.38   Ratio evaluated from reported AM 
concentrations, three phases. 

Myers et al. (2002)    1.3–1.4 Approximate reported ratio, 30 side-by-sides. 
      
Metal production      
Gibbs et al. (1999)  0.33   63 Side-by-side samples, ratio calculated from 

reported GMs. 
Alloy production      
Hetland et al. (1998) Plant 1   2.60 100 Side-by-side samples in each case 
 Plant 2   1.81 Ratios calculated from reported medians. 
 Plant 3   1.66  
Ellingsen et al.  All  0.106  GM of 153 ratios 
(2003) Raw materials  0.088  GM of 42 ratios 
 Furnace/smelting  0.143  GM of 43 ratios 
 Crane operators  0.391  GM of 9 ratios 
 Product department  0.074  GM of 11 ratios 
 Mechanics  0.115  GM of 45 ratios 
Apostoli et al.   0.35–0.5   Reported ratio, from area sampling. 
(2000)      
Company 035 Furnace 0.52   12 samples, calculated from reported AMs, 

may not be simultaneous. 
 Sinter plant 0.14   5 samples, as above. 
Company 037 Casting   0.45–2.96 

(1.21) 
17 samples, side-by-side, individual ratios 
calculated, range and AM shown. 

 Tapping   0.64–2.34 
(1.29) 

28 samples, as above. 

 Packing   0.07–28.6 
(3.16) 

37 samples, as above. 
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Study description  Ratios   Comments 
Lead author  Respirable/ 

Total [A] 
Respirable/ 
Inhalable [B] 

Inhalable/ 
Total [C] 

 

Chemical production      
Company 040  0.20   Whole factory, ratio of AM. Not simultaneous 

Production and dispatch identical. (GM ratio 
0.24). 

Kawamoto and   0.13   Area sampling, recalculated. AM of ratios. 
Hanley (1997)      
Battery      
Roels et al. (1992)  0.25   Reported ratio. 
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6.2.2 Manganese in urine 
Various metrics have been used to express manganese concentration in urine, the most appropriate of 
which is mass per mass of creatinine excreted. This method of analysis and subsequent expression of 
the concentration enables scaling to the quantity of urine excreted. The preferred units for this metric 
are µg/g creatinine and this has been used throughout the current review. Where other units have been 
used by the original author, the data have been converted to µg/g creatinine and an indication 
provided. However the most commonly reported metric was mass per volume of urine excreted (with 
preferred units µg/ℓ), particularly in older studies. This is much less informative, as it fails to take 
account of the high variability in excreted urine volume. No simple conversion is available between 
these metrics. 

The pattern of sample collection varied in the studies reviewed. For the most part, only point samples 
were taken, at the end of a working shift. However, some studies also investigated diurnal variation or 
compared levels for exposed workers with those after cessation of exposure, either after the weekend 
or after an annual holiday. The total mass of manganese excreted in a 24-hour period was also 
reported by some authors. 

The studies reviewed below are summarised in Tables 6.2 to 6.11, along with the exposure data 
described in Section 6.1. 

No studies investigating urinary manganese levels among workers in other metal (i.e. non-steel) 
smelting processes or agricultural products sectors were identified. 

6.2.2.1 Mining 
The study by Boojar and Goodarzi (2002; see also Sections 6.1.2.1 and 7.2.3.1) contains the most 
comprehensive information on urinary manganese levels in the mining sector. This study of 145 mine 
workers reported urinary levels among workers at three temporal stages: at the time of employment 
(Stage 1) and after two intervals of 4.3 (Stage 2) and an additional 3.2 (Stage 3) years (AM values). 
Airborne exposure levels were very high and the only water supply in the mine was heavily 
contaminated with manganese. Urinary levels increased with increasing duration of employment. 
Levels in exposed workers were not significantly different from controls at the time of employment 
but were significantly higher (p <0.05) at Stages 2 and 3. Results were reported separately for 
smokers and non-smokers. There was no significant difference between levels in smokers and non-
smokers at any of the stages. For smokers, mean urinary manganese levels at the three time points 
were 1.61, 9.46 and 14.8 µg/g creatinine.  

No comparative information at lower exposures in this sector is available. 

6.2.2.2 Production of metal alloys 
As one of the producer sectors, production of alloys has been one of the better studied industry 
sectors. Studies by Lucchini et al. (1999), Apostoli et al. (2000) and Ellingsen et al. (2003) in 
European alloy plans, and by Mergler et al. (1994) in a Canadian plant, and Horiuchi et al. (1970), in 
a Japanese plant, are also described in Section 6.1.2.2. 

The most comprehensive study is of a ferroalloy plant by Lucchini et al. (1999). Significantly 
increased levels of urinary manganese were reported. Spot samples were collected in the morning but 
it is not clear whether this was prior to starting work for the day. Urinary manganese levels ranged 
from 0.3 to 5 µg/g creatinine (GM, 1.53) in the exposed group of 56 workers, compared with a range 
of 0.06 to 5 µg/g creatinine (GM, 0.40) in the control group of 87 people. Airborne exposure data and 
blood level data were also collected and the relationships between these metrics were investigated in 
some detail (see Section 6.2.4). 
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Other studies by Lucchini and colleagues reported urinary manganese levels in European ferroalloy 
plants. However, in these studies levels were reported as mass per volume, limiting the usefulness of 
the data, as described above. 

In the study by Apostoli et al. (2000), the mean duration of manganese exposure was 15.8 years 
(range 3–38 years). As described earlier, air concentrations of manganese for the exposed workers 
were relatively low and ranged from 0.03 to 0.74 mg/m3. The urinary manganese concentrations in 
exposed workers ranged from 0.4 to 21 µg/ℓ, with a geometric mean of 3.8 µg/ℓ, compared with 
0.7 µg/ℓ in the controls, which is significantly lower. Exposed workers were further subdivided into 
three subgroups based on exposure to air manganese; significant differences were seen between all 
three subgroups and controls, and between all three subgroups. A significant linear relationship was 
observed between the logarithms of urinary manganese and air manganese concentrations. There was 
no association between duration of exposure and urinary manganese levels. A cumulative index of 
exposure, discussed in Section 6.1.2.2, was determined for each individual exposed worker, calculated 
by multiplying the average annual air manganese concentration for each particular type of work by the 
number of years performing that work and adding the values derived for each type of work performed 
by the worker. This was based on estimates of respirable manganese. This index was not associated 
with urinary manganese levels. 

In another European study, Ellingsen et al. (2000) investigated urinary levels in a group of 100 alloy 
workers. Reported urinary levels were 0.1–126 nmol/mmol creatinine in the study group compared 
with 0.1–13.1 nmol/mmol creatinine in the control group, a significant increase (p <0.01). The study 
was carefully conducted. The group also reported blood and serum prolactin levels and investigated 
the relationship between both blood and urinary levels and inhalable, respirable and manganese 
species concentration. They reported a statistically significant correlation (p <0.005) between 
respirable manganese and manganese in urine but no significant relationship between inhalable 
manganese and manganese in urine, supporting the view that respirable manganese may be the metric 
of importance in relation to heath outcomes (see Section 6.2.3). 

In contrast to other studies, Mergler et al. (1994) did not show elevated urinary manganese levels 
despite having apparently higher exposure levels. The urinary manganese level for the exposed group 
(GM) was 0.73 µg/g creatinine compared with 0.62 µg/g creatinine in the control group. 

Chia et al. (1993) reported elevated urinary levels in a study of 17 baggers at an ore milling plant in 
Singapore. The concentration of manganese in urine ranged from 1.7 to 17.9 µg/ℓ (GM, 6.1 µg/ℓ) 
compared with a range of 0.7 to 9.5 µg/ℓ (GM, 3.9 µg/ℓ) in the referents. 

A much earlier study by Japanese researchers investigated the relationship between air concentrations 
of manganese and its concentrations in urine and blood in workers involved in three different types of 
work — crushing manganese ore in a ferroalloy plant, manufacturing dry-cell batteries and 
manufacturing electrodes (Horiuchi et al., 1970). For crushing manganese ore, the concentration of 
manganese in urine was 8–165 µg/ℓ, median 68.5 µg/ℓ, compared with 1–42 µg/ℓ in electrode 
production. 

6.2.2.3 Chemical production 
The series of publications by Roels and his colleagues in a European factory (Lauwerys et al., 1985; 
Roels et al., 1985, 1987a,b) provides the most coherent set of data for this sector. Information on 
urine and blood levels of manganese and airborne manganese (discussed in Section 6.1.2.3) was 
collected. In the study by Roels et al. (1987b), urinary manganese in the exposed group of 
104 workers ranged from 0.06 to 140.6 µg/g creatinine (GM, 1.56) compared with a range of 0.01 to 
5.04 µg/g creatinine (GM, 0.15) in the control group, an average tenfold increase. In a subgroup of 
13 manganese exposed workers, spot urine samples were collected at the end of the work week. These 
were compared with samples taken at the beginning of the work week just before the resumption of 
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work. Urinary excretion of manganese was markedly reduced in all subjects; the geometric mean 
dropped from 7.2 µg/g creatinine to 1.3 µg/g creatinine. 

This cohort was followed up by Crump and Rousseau (1999) who reported company information 
from 1985 to 1996. Results were available for 213 workers (all male) including 114 of the workers 
examined by Roels and colleagues. Yearly mean (AM) levels of manganese in urine ranged from 3.2 
to 30 µg/g creatinine over the same period, compared to a mean of 4.79 µg/g creatinine reported by 
Roels and colleagues, indicating the large variation possible with this metric. 

6.2.2.4 Steel production 
Little information on biological indices of manganese exposure in steel making was identified. The 
only study identified contained no information on workers in hot steel processes. Di Lorenzo et al. 
(1994) investigated the exposure of 20 grinders, employed in a steel foundry, who worked with  
11–13 % manganese steel (see also Section 6.1.2.4). The control group was 21 ‘standard’ steel 
grinders employed in the same foundry. Urinary manganese values were low in each group and the 
mean values were not significantly different. For the manganese steel workers the urinary levels 
ranged from 0.5 to 3.0 µg/ℓ (AM, 1.1) compared with a range of 0.5 to 1.5 µg/ℓ (AM, 0.8) in the 
control group. 

6.2.2.5 Fabrication (including welding) 
A European study involved eight welders, in two factories, who were involved in welding stainless 
steel containing less than 5% manganese (Zschiesche et al., 1986). The median manganese 
concentration in air in the breathing zones of welders was 0.25 mg/m3 (range 0.024–8.71 mg/m3). The 
median level of manganese in urine was 0.7 µg/ℓ (range 0.2–6.7 µg/ℓ) and 0.6 µg/g creatinine (range 
0.2–7.3 µg/g creatinine). No statistically significant correlation was found between air manganese and 
urinary manganese, either after a shift or the next morning. No control group was investigated. The 
authors stated that the upper limits of manganese in urine (2.0 µg/ℓ and 2.0 µg/g creatinine) were not 
usually exceeded or were only slightly exceeded. There was a significant correlation between urinary 
manganese concentrations before and after a shift, measured as µg/ℓ and as µg/g creatinine.  

Jarvisalo et al. (1992) measured urinary manganese levels for ten manual metal arc/mild steel welders 
in a European shipyard. Samples were collected at noon during the working day. The geometric mean 
level of manganese in urine of the welders was 1.1 µg/ℓ (expressed as 19 nmol/ℓ) compared with 
0.3 µg/ℓ in a group of 154 controls. The investigators also assessed variation, as a function of time 
and in relation to cessation of exposure (during summer vacation). In a group of five welders, the 
investigators took daily samples over a period of 5 days (pre and post shift) and for one day, six 
samples at 4-hour intervals and after a 4-week vacation period. The authors did not find a statistically 
significant difference between morning levels of urinary manganese during the working period and 
those on the first day after the summer vacation. A decrease was only observed for the two welders 
having highest levels of manganese in urine in the pre vacation specimens. The five welders showed 
wide variation throughout their working week. In the most extreme cases, manganese in urine ranged 
from 0.6 to 5.8 µg/ℓ. Based on the 24-hour urine collections, manganese showed clear diurnal 
variation in all five welders, though there were some individual differences in the timing of the 
highest and lowest concentrations.  

Pantucak (1982) reported pre and post shift levels of manganese in urine for welders and found that 
the post shift level was significantly lower. Pre shift levels were 9.3 µg/ℓ (SD, 1.6) compared with 
post shift levels of 3.1 µg/ℓ (SD, 1.0), in a group of 57 welders, compared with mean levels of 
1.3 µg/ℓ in a group of 60 controls. No information about the workplace was provided. In the paper, 
tabulated results are expressed in units of µmol/ℓ but referred to in the text in units in nmol/ℓ. From 
the reported levels nmol/ℓ appears to be correct. 

A study by Bergert et al. (1982) reported mean values of 14.9 µg/ℓ (SD, 4.67) in a group of 
16 welders compared with reference values of 8.96 µg/ℓ (SD, 2.99) in a group of 50 controls.  
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Chandra et al. (1981) investigated three plants in Asia (see also Section 6.1.2.6). Plant A was a heavy 
engineering shop where welding was carried out in an open shed with natural ventilation, Plant B was 
a railway workshop where each welder was in a separate enclosure, again naturally ventilated, and 
Plant C was principally a ship repair shop, where welding was carried out in a confined area. Urinary 
manganese levels reported in plants A, B and C were 3–87 µg/ℓ, 5–240 µg/ℓ and 3–45 µg/ℓ, 
respectively, compared with a range of 1.9–9.4 µg/ℓ in the group of controls. The statistical 
significance of these increases was not reported. However, the levels reported in the study were the 
highest reported in any sector. 

6.2.2.6 Battery manufacture 
Studies by Roels et al. (1992), Bader et al. (1999) and Gan et al. (1988) are also described in Section 
6.1.2.7. 

Roels et al. (1992) described a study of 92 battery workers in Europe exposed to manganese dioxide 
(MnO2) matched with 101 controls recruited from a polymer processing factory. Urinary manganese 
levels ranged from 0.015 to 7.33 µg/g (GM, 0.084) creatinine compared with a range of 0.1 to 
0.49 µg/g in the control group. The workers had a mean duration of exposure of 5.3 years. The 
difference between the manganese exposed group and the controls was significant. 

Bader et al. (1999) described a cross-sectional study carried out on 100 workers, from three different 
workplace areas, in a dry-cell battery manufacturing plant in Europe. Urinary manganese ranged from 
0.1 to 2.2 µg/ℓ (AM, 0.36), which did not differ significantly to that measured in a group of 17 non-
exposed individuals, among whom the range was 0.1 to 1.2 µg/ℓ (AM, 0.39).  

Gan et al. (1988) described a study of workers in three battery manufacturing plants and two 
manganese ore milling plants in Asia. The authors considered that the manganese ore mill workers 
were in a high exposure group, and that the mixers in the battery factories were classified under 
moderate exposures. However, the study as reported did not allow differentiation between these two 
groups. Manganese in urine in the 67 exposed workers ranged from 1.0 to 11.0 µg/ℓ (GM, 5.97), 
which was significantly elevated compared with manganese in urine in the control group, which 
ranged from 1.0 to 15 µg/ℓ (GM, 1.73). 

6.2.2.7 Pigments, paints and glass  
Arai et al. (1994) studied cloisonné glaze workers in Asia. Urinary manganese levels ranged from 
0.45 to 5.6 µg/ℓ (AM, 2.48) compared with a range of 0.11 to 3.3 µg/ℓ (AM, 1) in the control group. 

6.2.2.8 Synopsis on manganese in urine 
Over the range of studies reviewed, urinary manganese levels varied substantially. Even among the 
controls minimum manganese levels in urine ranged from 0.1 to 4.1 µg/ℓ (0.01–0.06 µg/g creatinine) 
and maximum levels ranged from 1.7 to 19.5 µg/ℓ (0.49–5.04 µg/g creatinine). In exposed groups, 
minimum levels ranged from 0.4 to 13.9 µg/ℓ (0.015–0.3 µg/g creatinine) and the maximum levels 
ranged from 1 to 240 µg/ℓ (5–140.6 µg/g creatinine). The studies that reported the highest levels were 
studies on welding processes and the chemical industry. Almost all of the studies reported significant 
differences between controls and exposed workers. However, individual variability was high and no 
clear relationship between exposure and urinary levels on an individual basis was demonstrated. 
This is explored further in Section 6.2.4.  

6.2.3 Manganese in blood 
Manganese levels in whole blood are expressed as a concentration (mass per volume). The preferred 
units to express this are µg/ℓ, regardless of the authors original units. In some studies blood levels are 
expressed as a concentration in serum rather than whole blood. Again where these are shown, units of 
µg/ℓ are used. Direct extrapolation between whole blood and serum concentrations is not feasible. In 
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healthy individuals not exposed to manganese, most blood manganese is located in various blood cells 
(Milne et al., 1990), and it would be expected that manganese whole blood concentrations would be 
higher than serum concentrations. 

6.2.3.1 Mining 
Studies by Myers et al. (2002), Boojar and Goodarzi (2002) and Koudogbo et al. (1991) are also 
described in Section 6.1.2.1. 

Data on manganese levels in whole blood were available from the South African mining study by 
Myers et al. (2002). In this large scale investigation, blood manganese levels ranged from 2.2 to 
24.1 µg/ℓ (AM, 8.5) based on 456 measurements, compared with the control group mean of 6.4 µg/ℓ. 
Blood manganese was described as considerably higher than that among the external referents. 
However, the authors reported that no association was detected between blood manganese and any 
other measure of exposure, including length of service, cumulative exposure and average exposure 
intensity together with length of service. The increase was much less than that reported by Boojar and 
Goodarzi (below). 

The study by Boojar and Goodarzi (2002), in Asia, also provides comprehensive information on 
levels of manganese in whole blood. Levels of manganese in blood among workers showed large 
significant increases between the time of employment (Stage 1) and two subsequent time points, 
4.3 and an additional 3.2 years later (Stages 2 and 3, respectively). Arithmetic mean levels were 
presented separately for smokers and non-smokers, for each time period. Manganese levels increased 
over the three stages. Levels in exposed workers were not significantly different from controls at the 
time of employment but were significantly higher (p <0.05) at Stages 2 and 3. There was no 
significant difference between levels in smokers and non-smokers at any of the stages. Blood 
manganese levels (AM) increased from 18.4 to 144 to 186 µg/ℓ for smokers over the three intervals. 
Levels in non-smokers were similar but lower increasing from 17.3 to 137 to 167 µg/ℓ (results 
originally reported as µg/dℓ) Airborne exposure levels were also extremely high (as discussed in 
Section 6.1.2.1) and the only water supply in the mine was heavily contaminated with manganese. 

Blood levels were also reported in the small study by Koudogbo et al. (1991) in an underground 
mining operation in Gabon. In this study, manganese levels were expressed as serum concentrations. 
Levels in workers averaged 1.05 µg/ℓ compared with 0.96 µg/ℓ in controls. No information about 
sample numbers or the significance of the change in level was reported. 

6.2.3.2 Production of manganese metal and metal alloys 
Studies by Lucchini et al. (1999) and Apostoli et al. (2000), in Europe, by Mergler et al. (1994), in 
Canada, and by Horiuchi et al. (1970), in Japan, are also described in Section 6.1.2.2. 

Significantly elevated levels of whole blood manganese were reported by Lucchini et al. (1999) in a 
study of 61 ferroalloy workers in Europe. Blood manganese levels ranged from 4 to 19 µg/ℓ 
(GM, 9.18) in the exposed group compared with, for 87 controls, a range of 2 to 9.5 µg/ℓ (GM, 5.74; 
statistically significant at p < 0.001). Similarly, elevated levels were reported in a series of 
publications by this group (Ruhf, 1978; Lucchini et al., 1995, 1997). 

Apostoli et al. (2000) also measured whole blood manganese levels in the study population. Blood 
manganese concentrations ranged from 4 to 27 µg/ℓ in the exposed subjects with a mean of 10.3 µg/ℓ; 
the mean concentration in controls was 5.9 µg/ℓ. The mean in exposed subjects was significantly 
higher than in controls. Duration of exposure was not associated with manganese levels in blood. 
When divided into subgroups based on exposure (low, medium or high), in all three subgroups mean 
levels in blood were significantly higher than in controls. In addition, there were significant 
differences between all three subgroups, using Scheffé’s test. A significant relationship between 
manganese in blood and air manganese was observed, using linear regression of logarithms. In the 
exposed group, but not in controls, a significant relationship was observed between levels of 
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manganese in blood and in urine. The cumulative index of exposure was not associated with 
manganese in blood. Overall, it was concluded that manganese in blood was an indicator for exposure 
at the group level but, owing to high variability of results, it could not be considered as a suitable 
biomarker for exposure.  

Mergler et al. (1994) also showed elevated levels of manganese in whole blood among a group of 
69 long-term exposed workers employed in a large ferromanganese and silicomanganese alloy 
production facility in Canada. Samples were taken prior to exposure on the last day of the workers’ 
shift. A geometric mean blood level of 10.3 µg/ℓ (AM, 11.2) was reported compared with, in 
69 controls, a geometric mean of 6.8 µg/ℓ (AM, 7.2). In a matched pair analysis, interpair differences 
for whole blood manganese were highly significant. 

Chia et al. (1993) also reported elevated blood manganese levels in a study of 17 baggers at an ore 
milling plant in Singapore. The concentration of blood manganese in 17 baggers ranged from 15.0 to 
92.5 µg/ℓ (GM, 25.3 µg/ℓ) compared with a range of 17.3 to 30.1 µg/ℓ (GM, 23.3 µg/ℓ) in the 
referents. Chia and colleagues also reported levels in serum ranging from 2.0 to 32.8 µg/ℓ (GM, 
4.5 µg/ℓ) in the exposed population compared with 1.5 to 6.4 µg/ℓ (GM, 3.9 µg/ℓ) in the referents. 

The Japanese study by Houriuchi et al. (1970) also considered the relationship between air manganese 
concentration in the working atmosphere and manganese in whole blood for workers in various 
industries, including ore handling/crushing. In the workers involved in crushing ore, the reported 
concentration of manganese in blood was 4–54 µg/100 g (MED, 9.5 µg/100 g). For workers 
manufacturing dry-cell batteries, the concentration of manganese in blood was 4–20 µg/100 g (MED, 
8 µg/100 g). For workers manufacturing electrodes, the concentration of manganese in blood was  
4–17 µg/100 g (MED, 6 µg/100 g). Again, the paper implies a statistically significant relationship 
between air manganese and manganese in blood. There was no significant correlation between length 
of employment and manganese in blood. In the workers crushing manganese ore, a significant 
correlation was observed between manganese in blood and neurological findings. 

6.2.3.3 Chemical production 
The series of publications by Roels and colleagues (Lauwerys et al., 1985; Roels et al., 1987a,b) 
describes a set of studies carried out in a European manganese chemical factory producing manganese 
oxides and salts (see also Section 6.1.2.3). Measurements of whole blood manganese levels were 
carried out for 141 potentially exposed workers who showed significantly increased levels when 
compared with the controls. Levels of manganese in blood ranged from 1.0 to 35.9 µg/ℓ (GM, 12.2) in 
the exposed group compared with a range of 0.4 to 13.1 µg/ℓ (GM, 0.5) in the control group.  

This cohort was followed up by Crump and Rousseau (1999) who reported company information 
from 1985 to 1996. Results were available for 213 workers (all male) including 114 of the workers 
examined by Roels and colleagues. Yearly arithmetic mean levels of manganese in blood ranged from 
11.0 to 15.0 µg/ℓ. This compared with a arithmetic mean of 13.6 µg/ℓ (GM, 12.2) reported by Roels 
and colleagues. 

6.2.3.4 Other metal smelting processes 
Lander et al. (1999) described a study of workers in three small cast iron foundries in Northern 
Europe. Whole blood manganese levels were compared with those found in workers in a similarly 
located scrap plant, with little potential for manganese exposures, and with a group of 90 controls. In 
the three foundries, manganese levels in blood ranged from 7.5 to 25.1 µg/ℓ (n = 24). This compared 
with a range of 4.1 to 19.5 µg/ℓ in the control groups. In two of the factories, where the means were 
13.1 and 16.8 µg/ℓ, levels were significantly higher than in the control groups (AM, 8.8 µg/ℓ). The 
group also investigated levels of manganese in blood after cessation of exposure (during a 3-week 
holiday period). In the two foundries where the highest levels had been reported, significant decreases 
were observed. In these two foundries, blood manganese ranged from 7.3 to 14.8 µg/ℓ with a mean 
level in Foundry 1 of 10.9 µg/ℓ (n = 9) and in Foundry 3 of 10.3 µg/ℓ (n = 2). The authors considered 
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that the difference was surprising in the light of the relatively low levels of exposure reported (see 
Section 6.1.2.5). 

6.2.3.5 Fabrication (including welding) 
Barrington et al. (1998) investigated biological manganese levels in eight workers engaged in 
gouging, welding and grinding repair of high manganese railway track in a machine shop in North 
America. The manganese content of the material was 11–15 %. Two of the workers worked only with 
lower manganese content alloy, less than 2 % in each case. Blood manganese ranged from 0.7 to 
2.0 µg/ℓ (AM, 1.2), which the authors claimed exceeded the ‘reference’ range of the Mayo Clinic 
Laboratory, quoted as 0.4–0.85 µg/ℓ. While neither stated nor possible to determine, from the limited 
details of the protocols given, it is likely, from the reported levels, that this refers to the manganese 
levels in serum rather than whole blood. 

Luse et al. (2000) described elevated manganese levels (in whole blood) among welders in a study 
carried out in Northern Europe. The mean blood level for 46 welders was 56.6 µg/ℓ (SD, 36.8) 
compared with 15.6 µg/ℓ (SD, 5.0) for the control group. Similarly, Jarvisalo et al. (1992) measured 
blood levels in ten manual metal arc/mild steel welders. He also found statistically significantly lower 
levels of manganese in the blood of the male controls compared with the female controls.  

The German study by Zschiesche et al. (1986) also looked at manganese concentrations in both serum 
and (presumably whole) blood. The median manganese concentration in serum was 1.6 µg/ℓ (range 
0.3–8.8 µg/ℓ). In blood, the median was 12.1 µg/ℓ (range 7.4–33.5 µg/ℓ). The upper limits of normal, 
2.1 µg/ℓ in plasma and 26.0 µg/ℓ in blood, were not usually exceeded or were only slightly exceeded. 
There were no statistically significant correlations between air manganese concentrations and 
manganese in blood or manganese concentrations in plasma, either after the shift or the next morning. 
There was a significant correlation between blood manganese concentrations before and after a shift. 

An earlier study, by Chandra et al. (1981), described manganese levels in serum in three plants in 
Asia. Plant A was a heavy engineering shop where welding was carried out in an open shed with 
natural ventilation, Plant B was a railway workshop where each welder was in a separate enclosure, 
again naturally ventilated, and Plant C was principally a ship repair shop, where welding was carried 
out in a confined area. In Plants A, B and C manganese levels in blood ranged from 13 to 52 µg/ℓ 
(n = 20), 13 to 59 µg/ℓ (n = 16), and 13 to 44 µg/ℓ (n = 20), respectively. Levels in controls ranged 
from 10 to 26 µg/ℓ (n = 20). 

6.2.3.6 Battery manufacture 
Roels et al. (1992) described a study of 92 battery workers exposed to manganese dioxide (MnO2) 
matched with 101 controls recruited from a polymer processing factory. Manganese levels in whole 
blood ranged from 2.1 to 21 µg/ℓ (GM, 8.1) compared with a range of 2.5 to 13.1 µg/ℓ in the control 
group. The workers had a mean duration of exposure of 5.3 years. The difference between the 
manganese exposed group and the controls was significant. 

Bader et al. (1999) described a cross sectional study carried out on 100 workers from three different 
workplace areas in a dry-cell battery manufacturing plant in Europe. The manganese concentration in 
whole blood ranged from 3.2 to 25.8 µg/ℓ (AM, 12.2), which was significantly larger than that 
measured in a group of 17 non-exposed individuals, among whom the range was from 2.6 to 
15.1 µg/ℓ (AM, 7.5). Analysis was by atomic absorption spectroscopy. The authors reported that no 
significant correlation between blood manganese levels and age was observed, supporting the opinion 
that manganese does not accumulate in the body. Manganese in the blood were reported to differ 
significantly between those from the ‘white area in the plant and those from the black area in the 
plant’.  

Gan et al. (1988) described a study of workers in three battery manufacturing plants and two 
manganese ore milling plants in Asia. The authors considered that the manganese ore mill workers 
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were in a high exposure group, and that the mixers in the battery factories were classified under 
moderate exposures. However, the study, as reported, did not allow differentiation between these two 
groups. Whole blood manganese concentrations in the 67 exposed workers ranged from 4.0 to 
49.0 µg/ℓ (GM, 22.6) and were significantly elevated compared with those in the control group, which 
ranged from 1.0 to 46 µg/ℓ (GM, 13.0). 

6.2.3.7 Agricultural products 
Ferraz et al. (1988) published a study on the use of Maneb, an organo metallic compound used as a 
fungicide for protection of edible crops. Mean levels of manganese in blood reported were 0.077 µg/ℓ 
in an exposed group of 67 workers and 0.088 µg/ℓ in a control group of 19 workers. These published 
control values are of the order of 100 times smaller than those normally reported by other authors for 
whole blood concentrations, and they are 10 times smaller for serum concentrations, indicating that 
the analysis or the reporting is in error. These data should not be considered further 

6.2.3.8 Pigments, paints and glass 
Papers by Deschamps et al. (2001), from France, Arai et al. (1994), from Asia, and Srivastava et al. 
(1991), from India, in which information on the blood level of manganese exposed workers is 
reported are also described in Section 6.1.2.9.  

Deschamps et al. (2001), in a study of 138 enamel production workers, found that the manganese 
workers did not have higher concentrations of whole blood manganese than controls. Levels ranged 
from 0.5 to 19.7 µg/ℓ (AM, 9.4) compared with a range of 3.2 to 18.3 µg/ℓ (AM, 9.2) in the control 
group.  

Arai et al. (1994) reported elevated levels of blood manganese in cloisonné glaze workers in Asia. 
Blood levels in the 49 glaze workers ranged from 22.2 to 69.4 µg/ℓ (AM, 37.3) compared with a 
range of 3.5 to 52.3 µg/ℓ (AM, 14.5) in 62 controls. 

A study from India investigating the concentrations of manganese (amongst other metals) in the blood 
of 78 glass industry workers found a mean blood manganese level of 69.5 µg/ℓ (reported as 
6.95 µg/dℓ) compared with a ‘normal range’ of 7 to 12 µg/ℓ (reported as 0.7–1.2 µg/dℓ; Srivastava et 
al., 1991). There was no statistically significant correlation between manganese blood concentration 
and age, height, weight or years of exposure (mean 13.36 years). When looking at correlations 
between blood levels of different metals there was a significant correlation between manganese and 
copper in this group of workers, but not between manganese and lead, cadmium, zinc, nickel or 
chromium. 

6.2.3.9 Synopsis on manganese in blood 
In almost all of the studies reviewed, significant differences between blood levels in workers and 
the control groups were found. Most of the studies reviewed reported manganese concentrations 
in whole blood. Significant increases relative to the concentrations measured in controls were 
reported in all of the industry sectors for which data were available — by Roels et al. (1982, 
1987), Mergler et al. (1994), Lucchini et al. (1999), Apostoli et al. (2000), Boojar and Goodarzi 
(2002) and Myers et al. (2002), amongst others. There is clear evidence to suggest that 
manganese concentrations in whole blood are higher in exposed populations than in unexposed 
populations. Levels reported for the control groups showed some variation, ranging from 
0.5 µg/ℓ (GM), reported by Roels et al., (1987b), to 13.0 µg/ℓ (GM), reported by Gan et al. (1998). 
The range within many of the control groups was high. For example, Ellingsen et al. (2000, 
2003) reported a range of 4 to 20.6 µg/ℓ, and Gan et al. (1988) reported a range of 1 to 46 µg/ℓ. 
High variability among controls, such as that reported for manganese in whole blood, limits the 
utility of this metric as a marker of exposure for individuals. The relationship between exposure 
indices is discussed in more detail in section 6.2.4. 
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Only five of the studies reviewed (Chandra et al., 1981; Zschiesche et al., 1986; Koudogbo, 1991; 
Chia et al., 1993; Barrington et al., 1998) reported blood manganese levels in terms of serum, 
rather than whole blood, concentrations. In the first of these, no significant increase among 
those exposed compared with controls was reported. In studies by Barrington and colleagues 
and Zschiesche and colleagues there was no direct comparison with a control population, and 
only in the former case did the authors claim that levels exceeded those in the normal range. 
Chandra and colleagues only reported ranges (although that for exposed workers was greater 
than that for controls) and only Chia and colleagues reported significantly elevated levels. On 
this basis there is much less compelling evidence to support the view that exposure to 
manganese is associated with an increased manganese concentration in serum.  

6.2.4 Relationship between exposure and biological indices 
(blood and urine) 
Several of the papers in the previous sections have explored the relationship between measured levels 
of exposure of workers and the two principal biological indices, manganese in blood and manganese 
in urine. The consensus view is that both blood and urinary manganese are poorly correlated to 
manganese exposure. This is the case where biological indices have been compared with prevailing 
airborne concentrations or with cumulative exposure indices. Smargiassi and Mutti (1999) observed 
that blood manganese was not a good indicator of manganese exposure because it changed very little 
with exposure. This has been explained by the short half-time of manganese (less than 5 minutes) in 
the blood compartment (Oberdörster & Cherian, 1988). Manganese in urine represents less than 1 % 
of the daily absorbed amount (Saric et al., 1977) and, for both blood and urine, variation between non-
occupationally exposed individuals is high. 

The most comprehensive treatment is that by Apostoli et al. (2000) who compared exposures with 
biological indices in alloy smelting, and reviewed data from eight other studies, including ferroalloy, 
battery manufacture, welders and manganese chemical producers. Based on the geometric mean 
values of exposure (total manganese) and manganese levels in blood, they derived a linear 
relationship between blood (MnB) and urinary (MnU) manganese levels —  

MnB = 6.644 + 0.008 × MnA R = 0.81; r² = 0.66. 

From this equation, a manganese in blood value of 8.2 µg/ℓ would be equivalent to an airborne 
exposure concentration of 0.2 mg/m3. The authors concluded that although manganese levels in blood 
and urine can be used to represent exposure on a group basis, the high variability of results means that 
they cannot be considered as suitable biomarkers of exposure.  

Apostoli and colleagues also assessed exposure in terms of a cumulative exposure index, which was 
calculated for each subject by multiplying the average annual airborne manganese exposure (in terms 
of respirable dust) for each job by the number of years for which the individual was employed in that 
job. A similar approach was used by Lucchini et al. (1999) who found that the cumulative exposure 
index did not show any relationship with manganese in blood or with manganese in urine. 

A similar outcome was described by Gan et al. (1988), in their study of workers in two manganese ore 
milling plants and three dry-cell battery manufacturing plants in South East Asia. Again, workers 
were grouped into 10 or 11 occupational groups and a relationship was found, of the form —  

MnB = 17.52 + 2.9 × MnA            R = 0.69. 

On the same basis they found a linear relationship between mean urinary concentration and the mean 
manganese exposure —  

MnU = 6.12 + 5.20 × MnA      correlation coefficient 0.77 
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Gan and colleagues reported a poor correlation between urinary and blood manganese concentrations 
on an individual basis. Although the form of relationship proposed by Gan and colleagues is similar to 
that proposed by Lucchini and colleagues, the implication for blood levels at zero air manganese 
exposure is quite different. The relationship of Gan and colleagues would yield a blood level of 
17.52 µg/ℓ whereas that of Lucchini and colleagues would yield 6.84 µg/ℓ. 

A similar outcome was reported by Bader et al. (1999), in a study of 100 workers in three different 
workplace areas in a dry-cell battery manufacturing plant. They concluded that manganese in blood is 
a suitable biomarker of manganese dioxide exposure; however, the validity of this is restricted to 
group-based calculations. Urinary manganese levels did not enable discrimination between the three 
groups. 

The study by Ellingsen et al. (2000), which investigated urinary levels in a group of 100 alloy 
workers, provides additional insight. As well as reporting urinary, blood and serum prolactin levels, 
they investigated the relationship between both blood and urinary levels and inhalable, respirable and 
manganese species concentrations. As discussed earlier they defined four chemical manganese 
species — water soluble, oxidation state 0/2+, oxidation state 3+/4+ and insoluble. They reported a 
statistically significant correlation (p = 0.008) between respirable (all species) manganese and 
manganese in urine but a poorer relationship between inhalable manganese and manganese in urine 
(p = 0.02). For the inhalable fraction, none of the species showed better correlation (based on 199 
samples from 97 subjects) than all species. However, for the respirable fraction, oxidation state 3+/4+ 
showed improved correlation (p <0.001) when compared with the all species results. This does 
support the authors’ view that respirable manganese and, possibly, manganese 3+/4+ may be the metric 
of importance in relation to heath outcomes. 

The earlier study by Japanese researchers also investigated the relationship between air concentrations 
of manganese and its concentrations in urine and blood, in workers involved in three different types of 
work, namely crushing manganese ore in a ferroalloy plant, manufacturing dry-cell batteries and 
manufacturing electrodes (Horiuchi et al., 1970). The paper implies that a statistically significant 
relationship was seen between air manganese and urinary manganese, although it is not clear what 
statistical tests were used or what variables were related to one another. There was no significant 
correlation between length of employment and urinary manganese. The authors claimed that, in 
general, a significant correlation was observed between manganese in urine and neurological findings, 
although a statistically significant correlation was seen only in the workers crushing manganese ore. 
The correlation between manganese in urine and manganese in blood was found to be statistically 
significant. 

6.2.5 Other biological indices 
Owing to the lack of a specific relationship between individual exposure and blood or urinary levels 
of manganese, a number of authors have investigated the possibility of other biomarkers. These have 
included manganese levels in hair or other indices, such as urinary homovanillic acid, urinary 
vanillymandelic and 17-ketosteroid in urine, urinary calcium, plasma inorganic phosphates, high-
density lipoprotein cholesterol and serum prolactin. 

6.2.5.1 Manganese in other media 
In a US study of seminal fluid concentrations of manganese, workers in a metal ore smelter, refineries 
and a chemical works were compared with supposedly non-exposed hospital workers (Dawson et al., 
2000). It was found that, in comparison to controls (mean seminal fluid manganese 7 µg/dℓ), the mean 
seminal fluid manganese concentration was significantly lower in the smelter (4 µg/dℓ) and refinery 
groups (4 µg/dℓ), with no difference in the chemical workers. (No data on manganese exposures in 
the different groups were provided, and the authors provided no explanation for the results). 
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Several authors have described measurement of manganese in hair. These include Bader et al. (1999), 
Luse et al. (2000) and Kucera et al. (2001). Typically they found elevated levels in the exposed 
population compared with the controls. Bader et al. (1999) found significant differences in manganese 
levels in ‘auxiliary hair’ between non-exposed controls and ‘black area workers’ in a dry-cell plant 
and between ‘white area and black area workers’. They found no correlation between blood 
manganese levels and manganese in hair.  

In a study from India, manganese concentrations were measured in the hair of male workers in a 
foundry, a workshop and a match workshop, and were compared to office workers (non-exposed 
controls; Sukumar & Subramanian, 2000). The mean concentration of hair manganese in the office 
workers was 2.9 ppm, in foundry workers 5.5 ppm, in workshop workers 6.7 ppm and in match 
factory workers 13.5 ppm. The hair manganese concentration in all three groups of exposed workers 
was significantly increased in comparison to office workers. Each group contained between 23 and 
56 workers. There was no correlation between manganese concentration and length of service. Other 
factors, such as age, diet (vegetarian/non-vegetarian), smoking status and hair colour, were also not 
correlated with hair manganese concentration. 

The post mortem values for manganese concentrations in brain tissues in a Japanese man with 
manganese poisoning who had worked in a manganese ore crushing plant have been reported 
(Yamada et al., 1986). The man began working at the plant in 1965, the diagnosis was made in 1967. 
He retired from work in 1977, and was admitted to hospital in 1978. At this time the urinary 
manganese concentration was 10.4 µg/ℓ and blood manganese was 3.4 µg/ℓ. The patient was treated 
with intravenous EDTA and oral L-dopa. However, his symptoms did not improve. He died of gastric 
cancer in 1982. The average concentration of manganese in brain tissue was 562 ng/g wet tissue, 
which was not significantly different from control cases or a case with Parkinson’s disease. In the case 
of chronic manganese poisoning, manganese concentrations were increased in the grey matter of the 
cerebral cortex and decreased in the basal ganglia. In the control cases and the case of Parkinson’s 
disease, the higher values of manganese were found in the basal ganglia and cerebral white matter. 

In a review article, Lucchini et al. (2000) concluded that there was a positive association between 
manganese in blood and the pallidal index, derived from MRI scanning. As manganese has 
paramagnetic properties, it can be visualised on MRI scans. Manganese accumulates selectively in the 
globus pallidus of the basal ganglia and can produce hyperintense signals in this region on T1-
weighted MRI scans. The pallidal index was defined as the ratio of the signal intensity of the globus 
pallidus to that of the subcortical frontal white matter, multiplied by 100. The correlation was seen in 
subjects occupationally exposed to manganese and in patients with chronic liver disease. However, 
the authors also commented that, as both the pallidal index and manganese in blood showed high 
degrees of variability, further research should be directed toward identifying more accurate indicators 
of MRI hyperintensity. 

6.2.5.2 Other biomonitoring parameters 
Buchet et al. (1993) investigated excretion of homovanillic acid (an end product of dopamine 
catabolism) in workers exposed to manganese. Concentrations of homovanillic acid and manganese 
were measured in the urine of 68 male workers, exposed to manganese dust in a dry alkaline battery 
plant or a manganese oxide and salt producing plant, and in 35 controls. In the total population there 
was a low but statistically significant positive correlation between the concentration of homovanillic 
acid and manganese in the urine. There was no significant correlation between the concentration of 
homovanillic acid in the urine and manganese in airborne dust or duration of exposure. The authors 
concluded that urinary homovanillic acid excretion was not a useful biological indicator to detect 
early interference of manganese with the dopaminergic system. 

In a study from China, urinary homovanillic acid and vanillylmandelic acid, plus serum manganese 
and manganese in urine, were measured in 39 male workers chronically exposed to manganese dust in 
a manganese smelting plant (Ling et al., 1998). The mean duration of employment was 17.4 years 
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(range 7.2–29.3 years). Geometric means of the measured parameters in the exposed workers were as 
follows: serum manganese 1.61 µg/ℓ; manganese in urine 7.62 µg/ℓ; homovanillic acid,  
3.09 mg/g creatinine; vanillymandelic acid, 3.02 mg/g creatinine. Serum manganese and urinary 
manganese were significantly higher in exposed workers than in the designated control group. The 
mean concentration of urinary vanillymandelic acid was also significantly higher in exposed workers 
than in controls. No significant difference in urinary homovanillic acid was seen between the two 
groups. None of these parameters was correlated with duration of exposure. In exposed workers, a 
significant correlation was seen between serum manganese and urinary manganese, homovanillic acid 
and vanillymandelic acid. There was also a significant correlation between urinary manganese and the 
two acids and between urinary concentrations of the two acids. 

A Polish study on shipyard workers (see also Section 7.2.3.4) related the exposure to airborne 
manganese to serum Clara cell protein concentrations, and also considered manganese levels in blood 
and urine (Halatek et al., 2000). Clara cell protein (CC16) is secreted by epithelial Clara cells in the 
distal bronchioles; hence serum CC16 was used to evaluate changes is number and/or integrity of lung 
epithelial Clara cells. Two subpopulations of shipyard workers were selected, on the basis of different 
exposure regimes. One group consisted of workers employed exclusively on the ship, exposed to 
welding fumes at mean (probably arithmetic) manganese concentrations of 0.2 mg/m3 (Group 1). In 
this group, mean blood and urinary manganese levels were 9.59 µg/ℓ and 0.36 µg/ℓ, respectively. 
Workers based in the shipyard shop were exposed to mean manganese concentrations of 0.04 mg/m3 

(Group 2). These workers had mean blood and urinary levels of 7.56 µg/ℓ and of 0.32 µg/ℓ, 
respectively. The shipboard workers were then further subdivided into Group 1A, welders working on 
deck with low manganese exposure (<1 mg/m3), and Group 1B, welders working in the bottom of the 
ship with high exposure (>1 mg/m3). Lung function examination showed decreased lung function 
compared with controls in Groups 1A and 1B (vital capacity significantly reduced in Group 1B 
compared with controls). In Group 1A, there was a decrease in serum CC16 concentrations, which 
correlated negatively with airborne manganese and manganese in blood, and had no relationship with 
manganese in urine. In Group 1B, an increase in serum CC16 concentrations was observed, which 
correlated positively with air manganese concentrations. A positive correlation of serum CC16 was 
seen with serum hyaluronic acid concentrations and urinary manganese but there was no relationship 
with blood manganese. The authors suggested that in shipyard workers chronically exposed to less 
than 1 mg/m3 manganese, measurement of serum CC16 could be used to evaluate changes in number 
and/or integrity of lung epithelial cells. 

Biochemical studies were carried out in 35 male workers in a ferromanganese plant exposed to low 
concentrations of manganese (Siqueira et al., 1991). Results were compared with a control group of 
24 male office workers at the same plant who were not exposed to manganese. No personal sampling 
to evaluate exposure was carried out but static samples were described as ranging from 0.12 to 
1.16 mg/m3. On comparing exposed with non-exposed workers, significant changes were found in 
concentrations of urinary manganese (increase), plasma inorganic phosphates (decrease), high-density 
lipoprotein cholesterol (decrease), urinary calcium (decrease) and plasma and urinary urea (both 
increases). There were no significant changes in concentrations of adenosine deaminase in plasma, 
17-ketosteroids in urine, total cholesterol, urinary inorganic phosphates or plasma calcium. On clinical 
examination, there were no significant central nervous system changes in exposed workers. 

A study from Taiwan investigated the hypothesis that plasma manganese was positively associated 
with the product of lipid peroxidation, malondialdehyde (Yiin et al., 1996). A total of 22 male 
workers employed at a smelter were used as subjects in the study; their average duration of work was 
28 years. The mean manganese blood level of the exposed workers was 1.51 µg/ℓ, compared with a 
reference group level of 0.83 µg/ℓ. The concentration of malondialdehyde in blood was significantly 
higher in exposed workers than in referents. For workers exposed to manganese, malondialdehyde 
concentration correlated strongly with manganese concentration in plasma. This correlation was not 
seen in the referent group. Among the exposed workers, smoking and alcohol drinking did not 
significantly increase the manganese plasma level or the malondialdehyde concentration. It was 
concluded that lipid peroxidation was one of the primary mechanisms of toxicity for manganese. The 
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results indicated that malondialdehyde could be used as an index of lipid peroxidation induced by the 
early biochemical action of manganese. 

In a study of peripheral markers of catecholamine metabolism, 11 male workers from a plant 
producing ferromanganese and ferrochromium were selected (Smargiassi et al., 1995). The mean 
duration of exposure for exposed workers was 13.3 years (range 5–28 years). For exposed workers, a 
cumulative exposure index was calculated, based on the average annual respirable or total manganese 
concentrations in dust, the average breathing rate characteristic of the workers in a working area and 
the number of years that a worker occupied that area. Among the exposed group, geometric  
mean values for manganese in blood and urine were 11.6 µg/dℓ (range 6.7–23.4 µg/dℓ) and 
2.26 µg/g creatinine (range 0.5–11.0 µg/g creatinine), respectively. The log transformed distributions 
of manganese concentration in blood and urine were statistically significantly different between the 
two groups. The cumulative exposure index values, taking into account both total and respirable 
manganese concentrations in dust, were related significantly and positively to manganese in blood but 
not urine. Compared with controls, there was a tendency (of borderline significance) for platelet 
monoamine oxidase activity to be lower in manganese exposed workers. Platelet-rich plasma 
momoamine oxidase was related to manganese and the cumulative exposure index or duration of 
employment but was negatively associated with urinary manganese. Dopamine β-hydroxylase activity 
was similar in exposed and control groups although it was related to the cumulative exposure index 
(significantly for total dust and non-significantly for respirable dust) and also years of employment. 
The momoamine oxidase:dopamine β-hyroxylase ratio was not related to manganese but was 
negatively associated with the cumulative exposure index (both total and respirable) and was also 
linked to years of employment. However, the authors noted the small sample size of the survey and 
suggested that further work should be done with larger groups of exposed workers. 

A review of peripheral biomarkers and exposure to manganese by Smargiassi and Mutti (1999) 
identified serum prolactin as a potential biomarker, as it tends to be elevated in workers exposed to 
low levels of manganese. However, a study by Roels et al. (1992) found no difference between 
exposed workers and controls in the values of serum prolactin, also there were no differences in serum 
calcium, luteinising hormone or follicle stimulating hormone. In this study, all haematological 
parameters were within the normal range in both control and manganese exposed workers. However, 
red blood cell count, haemoglobin, mean corpuscular volume, mean corpuscular haemoglobin 
concentration and serum iron all exhibited a statistically significant trend towards lower values in the 
manganese exposed workers.  

6.3 Environmental exposure 
6.3.1 Levels in air 
Relatively few publications are available that describe prevailing environmental exposure to 
manganese. Those that are available may broadly be categorised in two groups:  

• urban exposures, investigating the role of methylcyclopentadienyl manganese tricarbonyl (MMT, 
C9H7MnO3), an organic derivative of manganese used as a anti-knock agent in unleaded petrol, as 
a contributor to manganese exposure; and  

• rural community studies, where populations live near to metal smelting, chemical production or 
other facilities. 

Although MMT is not a subject of the current criteria document, it is useful nonetheless to comment 
on prevailing urban conditions, and these are briefly discussed below. 

One of the largest and most recent studies is that by Pellizzari et al. (2001), which describes personal 
exposure to manganese, determined over a 4-month period in Indianapolis, Indiana, USA, at a time 
when MMT was not being used. Data from the study are contrasted with data obtained in Toronto, 
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Ontario, Canada collected at the same time, where MMT had been used as a gasoline additive for over 
20 years. A total of 240 personal samples, collecting the PM2.5 fraction, were obtained. Sampling was 
also carried out to collect residential indoor and outdoor PM10. Several fixed-site particle sample 
collection systems (Graeseby-Anderson dichotomous sampler) were also used. Filter samples were 
analysed by neutron activation for manganese. The paper comprehensively detailed the quality issues 
for these samples. For Indianapolis the mean concentrations of manganese in the PM2.5 fraction for the 
personal, indoor and outdoor distributions were 7.5, 2.6 and 3.5 ng/m³ (MED, 2.8, 2.2 and 3.3 ng/m3). 
The equivalent median values for Toronto, were 8.0, 4.7 and 8.6 ng/m3. Based on 59 outdoor samples, 
the median PM10 concentrations were 8.8 ng/m³ for Indianapolis and 17 ng/m³ for Toronto.  

In an earlier study in Toronto, Zayed et al. (1996) compared personal exposures to manganese for 
office workers and for taxi drivers. Based on 23 measurements they found respirable manganese 
ranging from 1 to 34 ng/m³ (AM, 10; SD, 8) for office workers and, based on nine measurements, 
they found a range of 7 to 32 ng/m³ (AM, 15; SD, 8) for taxi drivers. Estimates of total manganese, 
also based on 23 office workers and nine taxi drivers, gave ranges of 2 to 44 ng/m³ (AM, 12; SD, 10) 
and 8 to 73 ng/m³ (AM, 28), respectively.  

These levels, clearly much lower than those normally experienced occupationally, are a useful 
baseline for other environmental measurements, in which a point source of manganese pollution is 
present.  

Two recently published studies provide information on environmental manganese exposures 
associated with point sources. 

Santos-Burgoa et al. (2001) described exposures and health effects (see Section 7.2.5.11) in a 
community of 1257 inhabitants 2 km distance from a primary manganese ore refining plant in 
Mexico. Information on atmospheric exposures was collected, using high volume PM10 samplers over 
24-hour periods, from the main room of ten houses, as well the church roof of the community. The 
exposures in the ten homes ranged from 0.018 to 0.035 mg/m³ (GM, 0.029; GSD, 0.005 (assumed to 
be Mn in PM10)); this contrasted with outdoor levels that ranged from 0.00009 to 0.0001 mg/m3. The 
difference between the outdoor and indoor samples is of particular note. Information on blood levels 
was also available (see Section 6.3.2). 

In a 3-year study on the incidence of acute bronchitis, peri bronchitis and new pneumonia, in a town 
with 31 000 inhabitants, approximately 5 kilometres from a manganese alloy plant in Europe, Saric 
and Piasek (2000) reported manganese concentrations in air (for the respirable fraction) ranging from 
50 to 440 ng/m³. Very little information on the methodology used was available. 

Other studies have investigated health effects associated with environmental exposure to manganese, 
but no exposure data were presented.  

6.3.2 Biological indices 
Several authors have published work to describe blood levels in populations where there is potential 
environmental exposure to a source such as metal smelting or a chemical production facility. In these 
cases the control group, if included, has been a similar population, located at some point distant to the 
study population. In one case, a study described blood levels in a population before and after the start 
up of an industrial process. In all cases the exposures were likely to have been much lower than those 
that might have occurred occupationally.  

A Spanish study, focusing on a the construction of a new hazardous waste incinerator, looked at 
concentrations of a variety of organic compounds and metals in workers prior to operation of the plant 
(Domingo et al., 2001). Among 22 male and six female volunteer subjects, the arithmetic mean level 
of manganese in blood was found to be 15.1 µg/ℓ, with a minimum of 7.0 µg/ℓ and a maximum of 
39.0 µg/ℓ.  
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Adanska-Dynieweska et al. (1985) measured the differences in levels of six metals, including 
manganese, in the blood of 19 industrial workers resident in a city in Eastern Europe prior to and after 
the activation of a coal-fired electric power station. The results were expressed only as manganese 
concentrations in blood serum rather than whole blood. The authors found a significant increase in 
blood levels, which were 2.7 µg/ℓ (SD, 0.17) and 3.9 µg/ℓ (SD, 0.22), prior to the start up of the 
station. 

Loranger and Zayed (1995) looked at the difference between an exposed group of garage mechanics 
and other blue collar workers in Canada. There were no significant differences between the mean 
manganese blood levels of the two groups, which were 7.6 and 6.7 µg/ℓ, respectively.  

Mergler et al. (1999) investigated a stratified random sample of 273 residents of a region in Canada 
near to a closed ferroalloy plant. Measured blood manganese levels ranged from 2.5 to 15.9 µg/ℓ 
(MED, 7.3 µg/ℓ). No identified control group was used in this study. 

In the study in Mexico by Santos-Burgoa et al. (2001; described in Section 6.3.1 above), among 46 
subjects living 2 km from the plant, blood manganese levels ranged from 10 to 88 µg/ℓ (AM, 18.2; 
SD, 13.9), compared with a range of 7.5 to 45 µg/ℓ (AM, 16.76; SD, 7.81), in 27 subjects living 
25 km from the plant. Blood lead levels, plasma lipid peroxidation, platelet monoamine oxidase 
activity and haemoglobin were also determined. No information was given on significant differences 
between the two communities. Manganese exposures measured for each community took into account 
manganese levels in river and well water, in total food and in soil, as well as outdoor air manganese in 
PM10 and indoor dust manganese. The authors believed that the exposure biomarker, manganese in 
blood, was a good indicator of body burden. 

Several other studies have looked at concentrations of manganese in blood in a non-occupational 
setting. One study sought data for reference ranges among people living in the vicinity of a new waste 
incinerator being constructed at the time (Llobet et al., 1998a). Other investigations also looked at 
individuals with no known specific source of manganese exposure (Butt et al., 1964; Kristiansen et 
al., 1997). 

A study from the USA aimed to ascertain reference ranges of certain trace metals, including 
manganese, in the urine of the general population (Paschal et al., 1998). A study looking at subjects 
from three areas of the UK looked at 13 elements in the blood and urine, one of which was 
manganese, using non-occupationally exposed populations (White & Sabbioni, 1998). 

Cotzias and colleagues have investigated the binding of manganese in cerebrospinal fluid, blood and 
plasma (Cotzias & Papavasiliou, 1962) and the stability of manganese in human blood and serum 
(Cotzias et al., 1966). Kanabrocki et al. (1964) also looked at cerebrospinal fluid and blood 
concentrations of manganese, and found that serum levels of manganese in hospitalised male subjects 
were higher than those in normal men. 

A review article by Greger (1999), which looked at biomarkers for both excess and insufficient 
manganese, concluded that manganese balance and excretion data were not useful biomarkers for 
manganese exposure. The body is protected against manganese toxicity by low absorption and/or 
rapid elimination. Greger concluded that the best way to monitor excess manganese exposure 
appeared to be by using serum manganese concentrations in conjunction with brain MRI scans and a 
battery of neurofunctional tests. 

Manganese concentrations, sometimes together with those of other metals, have been investigated in 
human placenta, maternal sera and umbilical cord sera (Iyengar & Rapp, 2001), in maternal blood, 
umbilical cord blood and placenta, in a Swedish study, (Osman et al., 2000), in arterial and venous 
umbilical cord sera from newborn Slovenian babies (Krachler et al., 1999a) and in umbilical cord 
sera, and sera from infants and adults (Krachler et al., 1999b). The relationship between gestational 



 

 
IEH Web Report W17, posted October 2004 at http://www.le.ac.uk/ieh/  

 

87

smoking and placental content of essential metals, including manganese, was investigated in a Polish 
study (Paszkowski & Sikorski, 1994). 

Post mortem concentrations of manganese, among other metals, have been determined in autopsy 
tissue, including brain, kidney and liver, in a study conducted in Spain on non-occupationally exposed 
subjects (Llobet et al., 1998b), and in a study from authors based in the USA (Bush et al., 1995).  

A study from Poland investigated the effects of spa treatment in a health resort on blood heavy metals 
(Chlebda et al., 2001). Another Polish study reported the concentrations of manganese and other 
elements in human hair in a non-industrialised population (Nowak, 1998). A study based in Canada 
(Pihl & Parkes, 1977) found significantly higher concentrations of manganese in the hair of learning 
disabled children than in controls. The concentrations of elements in human hair was the subject of a 
project comparing the composition of hair in an indigenous Brazilian population living in a 
reservation in the Amazon region with a control Brazilian population (Vasconcellos et al., 2001). A 
French study has related the concentrations of 16 elements, including manganese, to age and sex, in 
an unselected French population, using 481 subjects (Zakrgynska-Fontaine et al., 1998); manganese 
concentration appeared to be unrelated to age. 

The concentration of manganese in human breast milk (presumably from mothers with no 
occupational exposure to manganese) was investigated using a sample of 82 lactating mothers in 
France (Arnaud & Favier, 1995). A further study from Austria also looked at concentrations of 
manganese in human milk, using 55 samples from 46 mothers, during different stages of lactation 
(Krachler et al., 1998). 
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7 Toxicology  

7.1 Toxicokinetics 
7.1.1 The role of manganese 
Manganese is an essential trace element, which is necessary for the formation of connective tissue and 
bone, growth, amino acid, carbohydrate and lipid metabolism, embryonic development of the inner 
ear, and reproductive function. Manganese metalloenzymes include arginase, glutamine synthetase, 
phosphoenolpyruvate decarboxylase, and manganese superoxide dismutase. Some manganese-
activated enzymes, such as pyruvate carboxylase, can also be activated by other ions, such as 
magnesium. Glycosyltransferases and xylosyltransferases, which are important in proteoglycan 
synthesis and thus bone formation, are sensitive to manganese status in animals. The main 
manifestations of manganese deficiency observed in animals are impaired growth, skeletal 
abnormalities, disturbed or depressed reproductive functions, lack of muscular co-ordination among 
newborns and defects in lipid and carbohydrate metabolism (Dorman et al., 2001a; IOM, 2002).  

Adequate intake (AI) levels for US and Canadian populations established by the Food and Nutrition 
Board of the US Institute of Medicine (IoM, 2002) are summarised in Table 7.1. The European Union 
Scientific Committee for Food has estimated a safe and adequate range for dietary manganese of  
1–10 mg/day (SCF, 1993), and an acceptable total manganese intake for the UK general population 
has been estimated as 12.2 mg/day (EVM, 2003).  

Table 7.1 Adequate intake levels for manganese 

Age and life stage Adequate intake for manganese (mg/day) 

 Males  Females  

Infants 0–6 months 0.003 0.003 
Infants 7–12 months 0.6 0.6 
Children 1–3 years 1.2 1.2 
Children 4–8 years 1.5 1.5 
Children 9–13 years 1.9 1.9 
Adolescents 14–18 years 2.2 1.6 
Adults 19 years and older 2.3 1.8 
Pregnancy - 2.0 
Breastfeeding - 2.6 
Taken from IoM, 2002 

7.1.2 Absorption 
The route of exposure can influence the kinetics and toxicity of manganese (Dorman et al., 2001b). 
The main routes of absorption of manganese and its salts are via the respiratory and gastrointestinal 
tracts. The extent of absorption is dependent, in part, on the solubility of the manganese compound 
involved. Manganese oxides are less soluble than manganese salts; however, they can form chelates 
with organic compounds, which make them more soluble. Uptake of dietary manganese is controlled 
by dose-dependent intestinal absorption, biliary excretion and intestinal elimination (Andersen et al., 
1999). Adult humans normally maintain stable tissue levels of manganese regardless of intake; this 
homeostasis is maintained by regulation of absorption and excretion (ATSDR)1. Dermal absorption 
has not been studied and is not discussed further.  

                                                           
1 ATSDR Toxicological Profile for Manganese, available at http://www.atsdr.cdc.gov/toxprofiles/tp151.html 
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7.1.2.1 Humans 
Oral intake 

The absorption of manganese from the gut is dependent on several factors, including the amount 
ingested, iron status and other dietary components. 

As reviewed by Finley and Davis (1999) the absorption of manganese from a meal is generally low 
(less than 5%), in humans. Whole-body radiation studies have been used to determine the absorption 
of dietary manganese several days after ingestion of test meals containing radiolabelled manganese. 
Finley et al. (1994) found women absorbed more manganese from the diet then men  
(absorption ~3.5% and ~1.35%, respectively, 10–20 days after a test meal containing  
1 mg radiolabelled manganese); Davidson et al. (1988) found manganese retention among a group of 
women to be around 14% and 5%, respectively, 5 and 10 days after ingestion of a test meal. 

Based on studies in human subjects, Davidsson et al. (1991) concluded that the fractional absorption 
of manganese appeared not to be dose-dependent; the authors suggested that at high manganese 
intakes it was excretion that maintained manganese homeostasis. Finley (1999) found that dietary 
manganese did have some effect on manganese absorption and retention in young women; although 
serum ferritin had more influence on manganese absorption (see below) than did manganese intake, 
subjects with low (but not high) serum ferritin absorbed a higher proportion of manganese on a low 
manganese diet than on a high manganese diet.  

Dietary iron has a major effect on manganese absorption. Finley and Davis (1999) summarised studies 
demonstrating that increased iron in the diet decreases manganese absorption in humans and iron 
deficiency increases manganese absorption. For example, in duodenal perfusion studies, eight 
individuals with normal iron stores absorbed an average of about 27% of infused manganese (as 
MnCl2), whereas in six individuals with depleted iron stores absorption was significantly increased to 
an average of about 67%. Among individuals (2 normal and 2 iron-deficient) infused with iron in 
addition to manganese, absorption of manganese decreased from an average of about 33% in the 
control period to about 9% after addition of iron (Thomson et al., 1971). In the study among young 
women (above), Finley (1999) showed that manganese absorption was greatest in subjects with low 
serum ferritin concentrations and least in subjects with high ferritin concentrations.  

Among control subjects (hospital staff), exposed, healthy, working manganese miners, pensioned ex-
miners with chronic poisoning and anaemic patients, all of whom were administered radiolabelled 
iron and manganese (as MnCl2), absorption of iron and manganese was correlated; individuals with 
the highest iron absorption also had the highest manganese absorption. Absorption of both iron and 
manganese was highest in the anaemic subjects (Mena et al., 1969). 

Despite interindividual variation in both manganese absorption and responses to the effects of dietary 
factors on manganese absorption, Davidsson et al. (1991) found absorption was highly reproducible in 
individual adult subjects. At a group level, whereas the addition of calcium to human milk decreased 
manganese absorption by adults, the addition of phytate, phosphate, and ascorbic acid to infant 
formula and of iron and magnesium to wheat bread had no effect on manganese absorption.  

Age also appears to affect manganese absorption; the efficiency of absorption has been reported to be 
higher in premature infants than in adults (Zlotkin et al., 1995).  

Davidson et al. (1991) reported that although the factor(s) that determine an individual’s ability to 
absorb and retain manganese are unknown, they may be related to bile acid metabolism. They also 
noted that bile flow is not well established in early life. 

Inhalation exposure 

As with gastrointestinal absorption little is known about absorption of manganese through the 
respiratory tract in humans. As for all particles, absorption is expected to be largely dependent on the 
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size of the inhaled particles. Many small particles that penetrate into the alveoli are eventually 
absorbed into the blood. Larger particles deposited in the upper airways can be transported out of the 
airways by mucociliary clearance and swallowed. Therefore, when intake from inhalation exposure is 
assessed, absorption from the gastrointestinal tract should also be considered (WHO, 1981). As noted 
by Ellingsen et al. (2000), in humans, respirable manganese is most easily absorbed into the body, 
while most of inhalable manganese will be swallowed.  

Mena et al. (1969) investigated the intestinal absorption of manganese following exposure by 
inhalation. Following ten minute inhalation by mouth of radiolabelled manganese (as a solution of 
54MnCl2, 10 working miners and 7 controls, or a suspension of Mn2O3, 4 working miners) retention 
was assessed by regional radioactivity counts, undertaken at the end of the exposure, then every six 
hours for 24 hours, then daily for ten days, and by whole-body counts, obtained daily. The authors 
reported that, initially, a highly significant portion of the total radioactivity of 54MnCl2 was accounted 
for in the chest, while the delivery of 54Mn2O3 was less efficient. The subsequent fates of the two 
forms of manganese were similar. The radioactivity in the lungs showed a fairly rapid decline during 
the first day, with a concurrent increase in the epigastrium. The radioactivity then moved to the right 
hypochondrium, and eventually the hypogastrium. Whole body counts did not change significantly 
over the first 24 hours. Faeces collected for four days contained an average of 60% of the 
radioactivity initially located in the lungs. From these results the gastrointestinal tract was identified 
as a portal of entry for most of the inhaled manganese. 

7.1.2.2 Animals 
Oral adminstration 

The cellular mechanisms responsible for regulating manganese uptake via ingestion are not yet 
understood. As is the case in humans, the proportion of the dose absorbed is influenced by a number 
of factors including dietary manganese levels and iron status.  

Most data for oral absorption are derived from extremely old studies, not conducted to modern day 
standards. However, studies in experimental animals have indicated a gastrointestinal absorption of 
less than 4% (Greenberg et al., 1943; Pollack et al., 1965). 

Based on studies in rats, Abrams et al. (1976) concluded that both variable absorption and variable 
excretion are important in manganese homeostasis. Four hours after administration of radiolabelled 
manganese (as 54MnCl2) by oral gavage, rats previously fed a basal diet containing 4 mg/kg 
manganese had much higher tissue (including liver) manganese levels than rats previously fed diets 
supplemented with manganese (as 1 000 or 2 000 mg/kg MnSO4). After 24 hours, in many tissues the 
relative differences in levels of manganese between rats given low and high manganese diets were 
even greater, indicating that increased dietary manganese increases manganese turnover as well as 
decreasing manganese absorption. Davis et al. (1993) concluded that the liver is the major source of 
endogenous gut losses of manganese.  

Zheng et al. (2000) reported rapid but poor absorption of manganese (as MnCl2, 6mgMn/kg) in 
Sprague-Dawley rats following oral gavage dosing. Peak plasma levels occurred within 0.5 hours; 
thereafter manganese levels declined to control values by 12 hours. The oral bioavailability was 
13.2% and the terminal half-life was 4.56 ± 1.3 hours.  

In intestinal perfusion studies on rats with normal iron status or iron overload status, Thomson et al. 
(1971) showed that the duodenum, jejunum and ileum absorbed similar amounts of manganese 
irrespective of iron status. However, in iron-deficient animals absorption from the duodenum and 
jejunum was increased. There was a close correlation between the uptake to the intestinal mucosa and 
absorption of manganese in both the iron-loaded and iron-deficient animals. However, the rate was 
enhanced in the iron-deficient animals. In addition, for iron-deficient animals the proportion of the 
manganese dose absorbed was larger following smaller doses. Addition of iron to the diet reversed the 
increased rate of manganese absorption. Statistical analyses of the data led the authors to suggest that 
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iron competitively inhibited manganese absorption. This effect was not observed in iron-loaded rats. 
Hence the authors concluded that manganese was absorbed largely by diffusion in iron-saturated 
animals, whereas in iron-deficient animals manganese absorption was increased in the proximal 
intestine by a dose-saturable system, which could be inhibited by iron.  

In a study of limited reliability conducted by Pollack et al. (1965), experimental rats were bled to 
deplete them of iron or fed an iron-deficient diet for 13 days. Control and bled animals were then fed 
a standard rat biscuit diet that contained iron. The absorption of manganese from a gavage dose of 
manganese (as 54MnCl2) was determined six hours after dosing. The ratio of the radioactivity in the 
carcass from which the gastrointestinal tract (oesophagus to rectum) had been removed to the count 
from the intact animal gave an estimate of absorption that excluded manganese absorbed and returned 
to the gut and included that which had been absorbed and excreted into urine. The percentage 
absorption of manganese doubled in bled animals and increased by 50% in animals on a low iron diet. 
The authors noted that, in bled animals, other blood constituents, such as proteins and other trace 
elements, would be lost, and it was not known what effect this might have on manganese absorption.  

Inhalation exposure and intratracheal administration 

In a 14-day inhalation study conducted by Dorman et al. (2001a), CD rats were exposed 6 hours/day, 
7 days/week to either relatively soluble manganese (MnSO4) or insoluble manganese (Mn3O4; both at 
0, 0.03, 0.3 or 3 mg Mn/m3; mass median aerodynamic diameter (MMAD) 1.5–2µm). The results 
suggested different lung clearance rates for different forms of manganese; the more soluble form 
resulted in lower lung manganese levels than the insoluble form, for comparable exposure levels. The 
authors suggested that soluble manganese was more rapidly cleared from the rat lung than insoluble 
manganese (see also Section 7.1.3.2 on manganese distribution).  

Drown et al. (1986) also administered either soluble (MnCl2) or insoluble (Mn3O4) manganese to 
Sprague-Dawley rats by intratracheal instillation, to investigate the effect of solubility on lung 
clearance. Initially, pulmonary clearance was much faster for the soluble form, an apparent result of 
increased solubility and therefore absorption into body fluids. However, by the end of a two-week 
observation period the clearance rates were similar.  

Vitarella et al. (2000a) investigated lung clearance of manganese (as MnSO4, manganese (II) 
phosphate and Mn3O4) in CD rats following intratracheal instillation (0, 40, 80, or 160 µg Mn/kg/bw 
in 300 µℓ of phosphate buffered solution). The average amount of manganese instilled into the lungs 
was 12, 24, and 48 µg for the low, medium and high dose groups, respectively. Similar particle sizes 
were used to facilitate comparison between the different forms of manganese. Either immediately 
after instillation or at 1, 3 or 14 days after instillation animals were killed for tissue analysis (lung and 
striatum). The clearance rate of manganese from the lungs was independent of the dose of the 
compound, and in all cases lung tissue levels returned to control levels (0.32 ± 0.05 µg/g tissue) 
within three days of instillation. The pulmonary clearance half-life was less than 0.5 days for all 
compounds at all doses. Although clearance rates were similar for the different forms of manganese 
the authors considered that the mechanisms of clearance were probably different. They suggested that 
absorptive mechanisms, which rely on dissolution, are likely to predominate in the pulmonary 
clearance of the sulphate, which dissolves rapidly in simulated lung fluids, whereas non-absorptive 
mechanisms, such as mechanical transport, probably dominate in the pulmonary clearance of Mn3O4 
and the phosphate, which have lower rates of dissolution.  

Dorman et al. (2001a) considered that the difference in results between their inhalation study and the 
instillation study of Vitarella and co-workers probably reflected a delay in lung clearance associated 
with repeated inhalation exposure. The authors did not expand on the mechanism that might explain 
such a delay. The difference might have been due to a saturation of the absorptive mechanism by 
which soluble forms of manganese were taken up into lung tissue, whereas it could be that the non-
absorptive mechanisms by which the insoluble forms are taken into lung tissue were not saturable to 
the same extent.  
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7.1.2.3 Synopsis on absorption  
Differences in systemic absorption of manganese for different routes of exposure are relevant to 
assessing relative risks associated with oral and inhalation exposure. 

While the gastrointestinal tract may be a major route of secondary entry, in occupationally 
exposed humans following the inhalation of manganese (Mena et al., 1969), gastrointestinal 
absorption is generally low, both in humans (∼5%; e.g. Finley & Davis, 1999) and animals 
(∼4%; e.g. Greenberg et al., 1943; Pollack et al., 1965). The absorption of manganese from the 
gut is inversely related to intakes of manganese in humans (Finley, 1999) and in animals 
(Abrams et al., 1976). Overall the data on absorption indicate that the liver and gastrointestinal 
tract tissues act in concert to increase absorption of manganese during periods of low dietary 
manganese and to reduce absorption when dietary levels are high (Andersen et al., 1999). 
Absorption of manganese from the gut is also inversely related to intakes of iron, again in both 
humans (Thomson et al., 1971; Finley & Davis, 1999) and animals (Thomson et al., 1971). 
Gastrointestinal absorption of manganese is also higher in iron-deficient subjects (Thomson et 
al., 1971) and in anaemic subjects (Mena et al., 1969) than in normal controls. 

Little is known about the absorption of manganese via the respiratory tract in humans. 
Absorption is likely to be dependent on the size of inhaled particles; respirable manganese is the 
fraction most easily absorbed (Ellingsen et al., 2000). In some but not all studies in animals the 
rate of lung clearance has been found to be greater for soluble manganese compounds than for 
insoluble compounds (Drown et al., 1986; Dorman et al., 2001a). 

7.1.3 Distribution and transport 
7.1.3.1 Humans 
All human tissues contain manganese, in concentrations that, from about six weeks of age, are 
constant throughout most of life. Lower levels occur in the brain than in other organs such as the liver, 
pancreas and kidney (Bonilla et al., 1982). From birth to six weeks, infants have higher tissue 
concentrations than do individuals at any other age, particularly in tissues that are normally associated 
with low manganese concentrations (such as the brain and heart; Schroeder et al. 1996b). Andersen et 
al. (1999) report, in a review, that about 40% of the total body burden is estimated to be in the bone. 
Schroeder et al. (1966) concluded that interindividual variation in the manganese concentration of any 
single tissue is remarkably small, and that there is no tendency for decrease or accumulation to occur 
with aging.  

The total manganese body burden of a 70 kg human has been estimated at 10–20 mg (WHO, 1981), 
therefore individual tissue concentrations are frequently less than the µg/kg level (Maynard & 
Cotzias, 1955). Pigmented tissues, such as dark hair or pigmented skin, tend to have higher 
concentrations (Cotzias et al., 1964). Manganese levels in tissues of individuals with no known 
occupational or other additional exposure to manganese are summarised in Table 7.2. 

Reported whole blood, plasma and serum manganese concentrations, measured in humans not 
occupationally exposed to manganese have been of the order of <1 to tens of µg/ℓ. While some high 
levels were reported in early studies (e.g. as reviewed in WHO, 1981; Gremin, 1999), levels reported 
more recently in whole blood have been of the order of 2.5–24 µg/ℓ (Minoia et al., 1990; Kristiansen 
et al., 1997; Baldwin et al., 1999; Takagi et al., 2002); levels in serum are of the order of 0.2–3.3 µg/ℓ 
(Minoia et al., 1990; Jiménez-Jiménez et al., 1998; Molina et al., 1998; Diaz et al., 2001) and levels 
in plasma (WHO, 1981) are also lower. Concentrations in blood and serum appear to be stable over 
long periods of time; slight seasonal and diurnal variations have been reported (with levels being 
lower during summer and autumn months, and at night). Studies have found no differences with age 
or between men and women (WHO, 1981). For example, Mahoney et al. (1969) found no difference 
in serum manganese levels between a group of 17 men and 23 women (aged  
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20–45 years; average serum level 2.4 ± 0.07 µg/100 ml). Serum levels remained stable for each 
individual and did not rise in two subjects administered manganese supplements. One study reported 
that serum concentrations of manganese were elevated in the active phase of hepatitis (WHO, 1981). 

Using endometrial biopsies and blood samples taken from seven healthy volunteers on specified days, 
throughout six consecutive menstrual cycles, Hagenfeldt et al. (1973) demonstrated that the highest 
endometrial manganese concentration occurred in the early proliferative phase (days 6–8) and the 
lowest at ovulation (days 14–15). Endometrial changes were accompanied by cyclic changes in 
plasma levels; however, the correlation was weak and could not be explained.  

Arnaud and Favier (1995) found a maximum concentration of manganese in colostrums and transitory 
milk of 82 French volunteers at two days postpartum; thereafter levels decreased to the end of the 
observation period (six days postpartum). Krachler et al. (1998) found manganese concentrations in 
human breast milk, from 46 healthy mothers, tended to decrease from colostrum (mean 9.4 µg/kg) to 
mature milk (4.2 µg/kg); the normal range was considered to be 1–10 µg/kg. Widdowson et al. (1972) 
showed that manganese crosses the human placenta but does not accumulate in fetal liver before birth.  

Krachler et al. (1999b) found that serum manganese concentrations were substantially higher in 
umbilical cord sera (2.8 µg/ℓ), and sera from breast-fed (1.7 µg/ℓ) and formula-fed (2.9 µg/ℓ) infants 
in comparison with adults (1.2 µg/ℓ). Given the relatively high intestinal absorption of manganese in 
infants and the higher levels of manganese in cows milk (26 µg/kg) and infant formula (171 µg/kg) in 
comparison with human breast milk (4.3 µg/kg), it is not surprising that non-breast-fed infants had 
higher serum concentrations of manganese. 

In a review of studies on brain magnetic resonance imaging (MRI) in manganese exposed workers, 
hepatopatic patients (who may have compromised homeostatic regulation of manganese; see 
Section 9), and patients undergoing total parental nutrition, Lucchini et al. (2000) reported that 
manganese accumulated selectively in the globus pallidus. 

In a short communication, Orimo and Ozawa (2001) reported elevated whole blood manganese 
concentrations in adult patients undergoing total parenteral nutrition with an intravenous preparation 
containing manganese, among other elements (31–101 µg/ℓ for patients versus 8.3–25.4 µg/ℓ for 
normal subjects). Blood levels were correlated with the duration of administration. Brain MRI in a 
small number of patients showed high signal-intensity on T1-weighted images in the bilateral globus 
pallidus, putamen and midbrain, which appeared to be related to the whole blood manganese 
concentration.  

While studies in rats (see below) have investigated the potential transport of manganese to the brain 
via the olfactory bulb, various factors suggest that the olfactory route might be of less, if any, 
significance to humans. The olfactory bulbs are much smaller in humans than rodents, and whereas 
humans are oronasal breathers, rats are obligatory nasal breathers (Brenneman et al., 2000; Vitarella 
et al., 2000a; Dorman, 2002). 

7.1.3.2 Animals 
The tissue distribution of manganese in experimental animals has been studied for many decades. 
Many studies describe the distribution of manganese following administration via routes not directly 
relevant to the human situation. However, they have been included as they add to the overall 
interpretation of how the human body might handle manganese.  

Levels of manganese in the blood of untreated rats (i.e. not specifically exposed to manganese) have 
been reported in the range 0.01–0.03 µg/g (Ulrich et al., 1979a; St-Pierre et al., 2001; Salehi et al., 
2001). Levels in serum of 0.13 µg/g (Dorman et al., 2001a) and in red blood cells of 0.05–0.13 µg/g 
(Vitarella et al., 2000b) have also been reported. 
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Table 7.2 Manganese levels in human tissue 

Subjects Tissue levels µg/g wet weight      References 

 Brain Lung/Trachea Heart Liver/Intestine/ 
Pancreas 

Fat Muscle/ 
Bone 

Kidney Spleen Testes/ 
Ovary 

 

US adults 0.3 0.22 (Ln) 0.32 2.05 (Lv) 
0.35 (I) 

     Kehoe et al. (1940) 

US adults 0.27 0.19 (Ln) 
0.19 (T) 

0.22 1.3 (Lv) 
1.18 (P) 

 0.06 (M) 0.9 0.13 0.16 (O) 
0.13 (Te) 

WHO (1981) 

Japanese 
accident 
victims 

0.25 0.21 (Ln) 
0.22 (Tr) 

0.19 1.2 (Lv) 
0.74 (P) 

0.07 0.08 (M) 
0.06 (B) 

0.58 0.08 0.19 (O) 
0.2 (Te) 

WHO (1981) 

Males  
11–75y 

1.54–0.93*         Bonilla et al. (1982) 

Autopsy 
tissue 

0.86–1.17*  0.89* 4.04 (Lv)*  0.14 (B)* 
0.31 (M)* 

3.32–4.98*   Bush et al. (1995) 

Japanese 
autopsies 
15d–85y 

0.52–0.64 0.48 (Ln) 0.54 1 (P) 
1.7 (Lv) 

 0.31 (M) 0.76 0.39  Yukawa et al. 
(1980) 

As 
reported in 
review 

0.34   1.68 (L) 
1.21 (P) 

 3.3 (B) 
0.09 (M) 

0.93  0.19 Andersen et al. 
(1999) 

*dry weight 
B, bone; I, intestine; Ln, Lung; Lv, liver; M, muscle; O, ovary; P, pancreas; Te, testis; Tr, trachea 

.
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Some data on manganese tissue distribution in untreated (i.e. not directly exposed to manganese) rats 
are summarised in Table 7.3. 

Table 7.3 Baseline manganese levels in rat tissue µg/g wet weight 

Tissue Ulrich  
et al. (1979a) 

Vitarella  
et al. ( 2000b) 

Dorman  
et al. (2001a) 

Salehi  
et al. (2001) 

St Pierre  
et al. (2001) 

Lung 0.36 0.24–0.36 0.37–0.45 0.24 0.18 
Liver 2.91 2.48–2.52 2.38–3.18 2.57 2.14 
Bile   0.29–0.58   
Femur   0.43–0.52   
Skeletal muscle   0.12–0.16   
Kidney 0.92   1.25–1.3 0.93 
Spleen 0.31     
Testes  0.41–0.61 0.32–0.36 0.45–0.48 0.25 
Cerebellum  0.43–0.71  0.64 0.48 
Frontal cortex    0.61 0.47 
Striatum  0.48–0.56    
Putamen     0.44 
Caudate putamen    1.50  
Globus pallidus    1.33 0.55 
Olfactory bulb  0.51–0.63    
 
Inhalation exposure 

Studies in which rats or monkeys were exposed to various forms of manganese, by inhalation, for 
periods ranging from 2 weeks to 9 months, in order to examine the distribution of manganese in 
tissues and in particular the brain, are summarised below. 

In general, studies generally showed elevated levels of manganese in the lung (Ulrich et al., 1979a; 
St-Pierre et al., 2001; Salehi et al., 2001; Dorman et al., 2001a) and some areas of the brain 
(Nishiyama et al., 1977; Vitarella et al., 2000b; St-Pierre et al., 2001; Salehi et al., 2001; Dorman et 
al., 2001a; Yu et al., 2002), immediately post exposure. Elevated levels were also reported in kidney 
(Ulrich et al., 1979a; St-Pierre et al., 2001) and blood (Ulrich et al., 1979a; Salehi et al., 2001), in 
some but not all (St-Pierre et al., 2001; Salehi et al., 2001) studies; levels in the liver and testes were 
reported to be unchanged in some (Ulrich et al., 1979a; Salehi et al., 2001) but again not all (St-Pierre 
et al., 2001; Dorman et al., 2001a) studies. 

Vitarella et al. (2000b) observed increased olfactory bulb manganese concentrations that were 
significantly higher than those measured in the striatum or cerebellum in rats following inhalation of 
manganese phosphate aerosol (0.03, 0.3, 3.0 mg/m3) for 2 weeks. However, there might have been an 
insufficient period of exposure or a short post-exposure delay before measurements were made.  

Dorman et al. (2001a) investigated how the solubility of inhaled manganese particles influenced 
distribution, in particular in the brain, in CD rats exposed to either relatively soluble manganese (as 
MnSO4) or insoluble manganese (as Mn3O4) both at levels of 0, 0.03, 0.3 or 3 mg/m3. Manganese 
concentrations were significantly increased, compared to controls, in the lung, following exposure to 
both forms of manganese at doses of 0.3 mg M/m3 and greater. Statistically significant increases in 
olfactory bulb and femur manganese levels were observed following exposure to the soluble form at 
0.3 mg Mn/m3 or more and the insoluble form at the highest dose. Elevated striatal and bile 
manganese concentrations were observed following exposure to both forms but only at the highest 
dose level tested. Elevated testes and liver concentrations were observed at the highest dose of soluble 
manganese, but not for the insoluble form. For the same exposure level, increases in manganese 
concentrations in the olfactory bulb and striatum were greater for MnSO4 (soluble form) than Mn3O4, 
but the reverse was observed for the lungs. Levels in the cerebellum were not significantly elevated at 
any dose level, with either form of manganese. These data suggest that the more soluble forms of 
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manganese are more readily absorbed and distributed around the body and, of particular relevance to 
neurotoxicity, to the olfactory bulb and striatum.  

Dorman et al. (2001c) also investigated the effect of manganese body burden on the kinetics of 
inhaled soluble manganese (as MnSO4), in CD rats. Combinations of three dietary levels (2, 10 and 
100 ppm Mn) and two MnSO4 exposure levels (0.092 and 0.92 mg MnSO4/m3, 6 hour/day for 
14 days) were used. The lowest dietary level was designed to produce a marginally deficient 
manganese status. Following dietary manipulation alone, the only tissue to show a significant dose-
dependent increase in concentrations was the liver, and consequently the bile. All other tissue 
concentrations were unaffected by dietary manipulation of manganese. This was expected, since it has 
been established that liver accumulation and excretion into bile is the main route of manganese 
elimination from the body. This was confirmed by the dose–dependent increase in the rate of whole 
body clearance. Following inhalation of increasing concentrations of MnSO4 there was no evidence 
that the dietary level had an influence on body burden. At the end of the exposure period, the lung was 
the only tissue to show increased concentrations (at both exposures tested), and there was an increase 
in manganese excretion into bile at the highest concentration tested. The study, therefore, illustrated 
the ability of the animals to alter excretion in response to varying intakes of manganese.  

Salehi et al. (2001) found manganese levels in blood, lung, cerebellum, frontal cortex and globus 
pallidus were significantly higher in Sprague-Dawley rats exposed to manganese phosphate 
(3 mg/m3) for 5 weeks than in controls. No differences were observed in the other tissues. 

St-Pierre et al. (2001) found, as in other studies, that manganese levels were significantly increased in 
the lung, kidney and regions of the brain, of Sprague Dawley rats following exposure to metallic 
manganese dust (3.75 mg/m3 for 13 weeks); levels in the blood and testis were not elevated.  

Fechter et al. (2002) exposed Long-Evans rats to fine particles (MMAD, 1.3 µm) and coarse particles 
(MMAD, 18 µm) of an insoluble form of manganese (MnO2) by inhalation (3mg/m3, 6 hours/day, 
5 day/week, 3 weeks) to investigate the impact of particle size on delivery of manganese to the brain. 
While exposure to the finer particles resulted in elevated manganese levels in the olfactory bulb, 
presumably through uptake by the olfactory nerve (see below), the effect was variable, and there was 
no evidence of olfactory nerve uptake of manganese among rats exposed to the coarser particles. 

As reported in an abstract, Yu et al. (2002) investigated the distribution of manganese in the brain of 
Sprague-Dawley rats exposed to welding fumes generated from manual metal arc stainless steel 
(63.6 ± 4.1 mg/m3, 107.1 ± 6.3 mg/m3 total suspended particulates) for 2 hours day for 90 days. 
Tissue manganese levels were determined throughout the exposure period (days 1, 15, 30, 60, 90). 
There were dose–dependent increases in lung tissue manganese levels throughout the study, but blood 
levels were elevated only slightly. Statistically significant, and large, increases in manganese levels 
were detected in the cerebellum after 15–60 days of exposure, and there were slight increases in the 
substantia nigra, basal ganglia (caudate nucleus, putamen and globus pallidus), temporal lobe and 
frontal lobe.  

Ulrich et al. (1979a) exposed rats and monkeys to manganese (II,III) oxide (Mn3O4), by inhalation 
(0.011, 0.11, 1.15 mg/m3), for 9 months. Levels in the kidney, lung, spleen and blood were elevated in 
an exposure-related manner in monkeys. In rats, the correlation of elevated tissue levels with exposure 
was not as evident as with monkeys. In neither species was manganese increased in the liver. For both 
species blood levels were only increased significantly at the highest exposure level tested. After six 
months the tissue levels for both species, at all exposure levels were, similar to the controls (Ulrich et 
al., 1979a,b). 

Tissue manganese levels were examined in seven female rhesus monkeys exposed to manganese dust 
(MnO2) at a concentration of about 0.7 mg/m3 for 22 hours per day, 7 day/week for 10 months. The 
highest manganese levels were found in the lungs and lymph nodes close to the pulmonary hilus. A 
considerable amount of manganese was also accumulated in the secretory glands, (the pituitary gland, 
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adrenal glands, submaxillary glands, parotid glands and thyroid), at higher levels than in the pancreas, 
liver and kidneys. In the brain the basal nuclei (caudate nucleus, pallidum and putamen) had the 
highest levels of manganese (Nishiyama et al., 1977).  

Newland et al. (1987, 1989) investigated the impact of different routes of exposure to manganese on 
its distribution in the brain of monkey (see also parenteral administration, below). 

In one study Newland et al. (1987) exposed two female monkeys (Macaca fasicularis) to manganese 
(as 54MnCl2; MMAD, 1.1 and 1.8 µm) aerosol for 30 minutes; manganese distribution was determined 
by monitoring head, chest and faecal gamma activity. Chest levels remained elevated for more than 1 
year, with the half-times for the slowest of three components of 94 and 187 days. Head activity 
peaked at about 40 days, then fell with half-times of 223 and 267 days. Faecal activity declined with a 
half-time for the slowest of two components of 50–60 days. The authors concluded that the slow half-
time for the decline in brain levels (i.e. relative to a half time of 53 days in macaques following 
subcutaneous administration, see below on parenteral administration) and the rise in brain levels for 
40 days after exposure probably reflected replenishment from manganese deposited in other organs, 
especially the lung. 

Newland et al. (1989) subsequently used MRI to track the accumulation of manganese in the brain of 
monkeys (see also below on parenteral administration). MR images were taken at 3 and 5 months in a 
Macaca monkey exposed by inhalation to manganese (as MnCl2; 20–40 mg Mn/m3, 2 hours/day, 
4 days/week; mean particle size 1.2 µm). Over a 5-month period manganese was distributed to the 
caudate, the putamen and globus pallidus, and the pituitary gland. (Following intravenous 
administration (see below) manganese was distributed to similar brain regions). 

Some studies of tissue distribution of manganese following inhalation exposure are summarised in 
Tables 7.4 and 7.5. 

Intratracheal administration 

In a study conducted by Drown et al. (1986), Sprague-Dawley rats were dosed with soluble (MnCl2) 
or insoluble (Mn3O4) manganese by intratracheal installation (equivalent to 55 µg of manganese). 
Animals were sacrificed at intervals up to 90 days post-exposure and manganese concentrations were 
determined in the lung, liver, spleen, kidney, muscle, small intestine, heart, brain, testis, femur, 
stomach and skin. Initially the clearance of the chloride from the lungs was four times the rate of the 
insoluble tetraoxide. Despite this, the amount of manganese in the lungs after two weeks was similar 
for the two compounds. The peak concentrations in other tissues were reached within four hours and 
three days of administration for the chloride and tetraoxide, respectively (whole brain peak 
concentrations were between 40 and 50 ng/g for both forms). As with the study by Dorman et al. 
(2001a), it appeared that soluble manganese compounds were more rapidly absorbed and distributed 
than the insoluble ones. However, after one week the levels in most organs were similar for the two 
compounds.  

Intranasal administration 

The olfactory neurons have dendrites in contact with the nasal lumen and axons, which project into 
the olfactory bulbs. Thus, in the olfactory epithelium the primary olfactory neurones are in contact 
with the environment. Certain materials, including some metals, dyes and organic solvents, that come 
into contact with the olfactory epithelium can be transported along the primary olfactory neurons to 
the olfactory bulbs, and ultimately into other areas of the brain, hence circumventing the blood–brain 
barrier (Tjälve & Henriksson, 1999). The potential of manganese to enter the central nervous system 
(CNS) via the olfactory epithelium and primary olfactory neuronal projections in various species has 
been investigated and reviewed by several authors (Aschner & Aschner, 1991; Tjälve et al., 1995, 
1996; Aschner et al., 1999; Tjälve & Henriksson, 1999; Henriksson et al., 1999; Aschner, 2000; 
Brenneman et al., 2000). 
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Table 7.4 Effect of exposure to manganese by inhalation on tissue distribution 

Study description Lung Liver Bile Femur Kidney Spleen Testes Blood 

Dorman et al. (2001a) 
CD rats, sulphate and oxide, 
(MMAD 1.5–2µm) 6h/d, 7d/w, 
2w  
MnSO4 (mg/m3) 

        

0.03         
0.3 ↑   ↑     
3 ↑ ↑ ↑ ↑   ↑  
Mn3O4 (mg/m3)         
0.03         
0.3 ↑        
3 ↑  ↑ ↑     
Salehi et al. (2001)         
Sprague-Dawley rats, ↑ –   –  – ↑ 
manganese phosphate aerosol, 
3 mg/m3, 8h/d, 5d/w, 5w 

        

St Pierre et al. (2001)         
Sprague-Dawley rats, ↑    ↑  – – 
metallic manganese dust, 
3.75 mg/m3, 6h/d, 5d/w, 13w 

        

Ulrich et al. (1979a)         
Sprague-Dawley rats, Mn3O4 
aerosol (equivalent 
aerodynamic diameter 
0.11 µm), 0.011–1.15 mg/m3, 
~24d, 9m 

↑ –   ↑   ↑ 

Ulrich et al. (1979a)         
Squirrel monkeys, Mn3O4 ↑ –   ↑ ↑  ↑ 
aerosol (equivalent 
aerodynamic diameter 
0.11 µm), 0.011–1.15 mg/m3, 
~24d, 9m 

        

↑ increase in tissue levels following exposure to Mn 
 – no impact of Mn exposure on tissue level reported 
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Table 7.5 Levels of manganese µg/g ± SD in rat brain following exposure to manganese by inhalation 

Study Description Cerebellum Frontal 
cortex 

Striatum Putamen Caudate 
putamen 

Globus 
pallidus 

Olfactory bulb 

Vitarella et al. (2000b) 
CD rats, manganese phosphate aerosol 
(mg/m3; MMAD~1.5 µm), 6h/d, 5d/w, 
or 7d/w, 2w (10 or 14 exposures)a 
 

       

0 0.56 ± 0.03 0.43 ± 0.06  0.56 ± 0.03 0.48 ± 0.04    0.63 ± 0.06 0.51 ± 0.04 
0.03 0.40 ± 0.06 0.48 ± 0.05  0.40 ± 0.06 0.74 ± 0.08    0.53 ± 0.05 0.71 ± 0.06 
0.3 0.55 ± 0.05 0.60 ± 0.03  0.55 ± 0.05 0.81 ± 0.09*    0.72 ± 0.07 1.13 ± 0.11* 
3.0 0.71 ± 0.07 0.74 ± 0.09*  0.71 ± 0.07 0.90 ± 0.06*    1.69 ± 0.07* 1.89 ± 0.13* 
Salehi et al. (2001) 
Sprague-Dawley rats, manganese 
phosphate aerosol (mg/m3), 8h/d, 5d/w, 
5w 

       

0 0.64 ± 0.06 0.61 ± 0.88   1.5 ± 0.06 1.33 ± 0.72  
3 0.85 ± 0.05* 0.87 ± 0.07*   2.18 ± 0.92  3.56 ± 0.80*  
St Pierre et al. (2001)        
Sprague-Dawley rats, metallic 
manganese dust (mg/m3; <10 µm), 
6h/d, 5d/w, 13w 

       

0 0.48 ± 0.13 0.47 ± 0.05  0.44 ± 0.08  0.55 ± 0.20  
3.75 0.63 ± 0.05* 0.84 ± 0.40*  0.89 ± 0.10*  1.28 ± 0.77*  
* significantly different from control 
a results for 14 exposures in italics 
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Studies demonstrating transport of manganese via the olfactory bulb in rats, following intranasal 
administration, are summarised in Table 7.6. Tjälve et al. (1995) first studied axoplasmic flow of 
radio labelled manganese (as 54MnCl2) in the olfactory nerves of pike and showed that manganese was 
readily transported in the olfactory system of this species. Manganese was also shown to accumulate 
readily in the olfactory bulbs and the telencephalon, via transport in the secondary olfactory axons.  

In a further study, Tjälve et al. (1996; Table 7.6) demonstrated migration of manganese via olfactory 
pathways into most of the CNS, including the spinal cord, following nasal instillation of soluble 
manganese (as 54MnCl2) in Sprague Dawley rats. In comparison, following intraperitoneal 
administration, uptake of manganese in the olfactory bulb was much lower and similar to levels in the 
other brain regions. The study highlighted the preferential distribution to the olfactory bulb following 
nasal administration relative to systemic administration of manganese. 

Gianutsos et al. (1997) also demonstrated the early and highest increases in manganese levels in the 
olfactory bulb, where the olfactory neurones terminate, following nasal administration of soluble 
manganese (MnCl2) to Sprague-Dawley rats. A smaller effect was observed in the olfactory tubercle, 
but no increase was observed in the striatum. All increases in concentration were dose dependent, 
with doses as low as 25 µg Mn/rat resulting in significant elevations in the olfactory bulb and tubercle 
(see Table 7.6), consistent with a localised transport system rather than systemic delivery to the brain. 
The authors noted that a very soluble form of manganese had been used, and that this route to the 
brain might not occur as readily, if at all, with insoluble forms, such as the tetraoxide. In addition, two 
injections of MnCl2 (200 µg Mn/rat) into the right nostril at weekly intervals resulted in increased 
manganese levels in the striatum as well as the olfactory bulb and olfactory tubercle 24 hours later. 
Thus while repeated exposure to manganese increased manganese levels in the striatum, single doses 
were sufficient to increase manganese concentrations in the olfactory bulb and tubercle.  

Henriksson et al. (1999) demonstrated that the uptake of manganese from the olfactory epithelium via 
olfactory neurones into the brain of Sprague-Dawley rats, after intranasal instillation into the right 
nostril, was saturable. While levels of manganese in the olfactory epithelium increased with dose, the 
increase levelled off at the highest doses. A similar effect was seen in the right olfactory bulb. 
Amounts of manganese recovered from the olfactory epithelium and regions of the brain are 
summarised in Table 7.6. The morphology of the olfactory mucosa did not differ from controls in any 
of the dose groups, indicating that the uptake of manganese in the olfactory system was not affected 
by dose–related cellular toxicity. 

An increasing proportion of the administered manganese passed over from the right to the left side of 
the nasal septum with increasing doses, indicating that the saturation of uptake in the right olfactory 
epithelium left more metal available for passage through the septal window to the left side. However, 
at all doses tested the levels of manganese were higher in the right olfactory epithelium, bulb and 
cortex. This was thought to be an artefact of the administration method. The amount of manganese 
that reached the olfactory bulb would have been dependent on the concentration of the manganese in 
the solution and on the surface area covered by the solution (i.e. proportional to the number of 
olfactory neurons available for uptake and transport). The area of the olfactory epithelium covered 
following passage through the septal window might be smaller than that covered by direct instillation 
to the area; therefore fewer olfactory neurons would be exposed and available for uptake. Once in the 
olfactory bulb, movement of manganese to the olfactory cortex appeared to occur freely and 
manganese did not appear to accumulate in the olfactory bulb. From the olfactory cortex manganese 
could be transported to the rest of the brain via tertiary olfactory neurons and further neuronal 
connections. Transport to the rest of the brain increased with increasing dose levels, possibly because 
binding sites in the olfactory bulb and cortex become saturated, leaving more metal available. At all 
doses studied only a small proportion of the applied manganese was taken up by the olfactory 
epithelium (Henriksson et al., 1999).  

As noted by Henriksson et al. (1999), manganese (2+) has an ionic radius similar to that of the calcium 
ion; it has been shown to enter nerve terminals via calcium channels during nerve action potentials, 
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and could conceivably be taken up via olfactory receptor cells through calcium channels. The 
dendritic processes of the olfactory receptor cells, which extend into the olfactory epithelium surface, 
are rich in endocytic vesicles, indicating that they are capable of taking up exogenous materials from 
the environment. Hence it is possible that manganese may enter receptor cells via an endocytotic 
mechanism.  

Henriksson et al. (1999) also observed increasing concentrations of manganese in the liver and kidney 
with increasing doses applied to the nose. The authors suggested that some of the manganese detected 
in the rest of the brain could have come from the systemic blood supply, particularly at the higher 
doses. However, the contribution of systemic manganese to the manganese found in the olfactory bulb 
and cortex must have been small as the concentrations in these areas were always much higher than in 
the rest of the brain. Suzuki et al. (1983) showed that following intraperitoneal injection of manganese 
in mice, the mitochondria- and lysosome-rich fraction of the brain accumulated the highest 
proportions of the metal. However this was not the case in the study described above (Henriksson et 
al., 1999), which leads to the suggestion that there is a difference in manganese fate depending on 
whether uptake is via the blood–brain barrier or the olfactory route.  

Oral administration 
Kojima et al. (1983) investigated the fate of manganese in rats after single or continuous oral 
administration of manganese chloride. In the single dose experiment Wistar rats were given aqueous 
manganese chloride (100, 200 or 400 mg Mn/kg bw) by stomach tube. Animals were sacrificed at 
intervals up to 48 hours after dosing and blood, liver, kidney, pancreas, bone, heart, lung, brain, testis, 
spleen and carcass analysed for manganese. The blood levels of manganese reached their peak at three 
hours post-dosing, then rapidly decreased, indicating a rapid distribution to tissues. In all tissues 
analysed the peak concentrations were detected at 1–3 hours post-dosing. The brain and the testis 
showed the lowest increase, probably due to the blood–brain and blood–testes barriers, respectively. 
Peak levels in the liver kidney, lung and heart decreased rapidly with time and were at control levels 
by 24-48 hours. Levels in the spleen, pancreas and bone decreased slowly, so were considerably 
higher than control levels at the end of the observation period. Levels of manganese in tissues 
increased in a dose-dependent manner. The liver was the only exception.  

In the continuous oral administration study, manganese chloride (100 mg Mn/kg bw) was given every 
other day for three months. Rats were sacrificed three or 48 hours after the final dose and tissues 
analysed for manganese content. At three hours after the final administration the manganese levels in 
various tissues were considerably lower than following the single administration (100 mg Mn/kg bw), 
except for the brain. At 48 hours after the final dose the tissue levels in the single administration and 
continuous administration groups were almost identical, except for levels in the kidney, pancreas and 
bone, which were lower in the single administration group. The results are indicative that, in rats, 
even at excessive manganese levels given over a long period the tissue accumulation is small (Kojima 
et al., 1983).  

Sato et al. (1996) investigated manganese distribution with varying dietary intakes in ICR mice. 
Manganese (as MnCl2) was added to the diets in concentrations of 240, 800, 2400, and 8000 mg/kg 
(dry weight). Animals were given the diets for 21 days and then sacrificed in order to determine 
manganese concentrations in livers, kidneys, brains, muscles and femurs. Diets within the range  
80–2400 mg Mn/kg in the diet did not affect the levels in the muscles and brain, but at 8000 mg 
Mn/kg in the diet a significant rise in tissue concentrations was observed. Concentrations increased in 
a dose-dependent manner in the liver, kidneys and femurs, but marked elevations were only observed 
in the liver and kidney at the highest dose. Sato et al. (1996) also took a group of animals that had 
been fed the diets containing 80 or 2400 mg Mn/kg in the diet, and administered an intraperitoneal 
dose of 54Mn to examine the effect of dietary status on the distribution of 54Mn between the liver, 
kidneys, pancreas, spleen, brain, femur and muscles. The diet rich in manganese promoted the 
clearance of 54Mn from the liver, kidneys, pancreas and spleen. This was particularly evident for the 
liver, where manganese levels decreased to about one tenth of the control by four days after the 
injection. The dietary levels of manganese did not affect concentrations in the muscles, femurs and 
brain.  
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Table 7.6 Transport of manganese via olfactory bulb in rats exposed via intranasal administration 

 Mn distribution  
Study description Olfactory 

epithelium 
Olfactory 
bulb 

Olfactory 
tubercle 

Olfactory 
cortex 

Basal 
forebrain 

Brain 
(other) 

 

Tjälve et al. (1996)       
Sprague-Dawley rats, 54MnCl2  ± SD 
(4 µg/kg bw)  µg/kg @ 1 day 
 nasal administration  110 ± 39   7.7 0.1–005 
 ip administration  0.7 ± 0.3   0.4 0.4–0.6 
       

Following nasal instillation Mn taken up by 
olfactory bulb. Subsequent migration via 
secondary and tertiary olfactory pathways to 
most of CNS, including spinal cord. In contrast, 
ip administration resulted in low uptake in 
olfactory bulb, levels similar to rest of brain. 

Gianutsos et al. (1997)       
Sprague-Dawley rats, MnCl2  
administered to right nostril  
 µgMn/rat  

 
µg/g ± SE @ 24h, right side 
* significantly different from uninjected left side 

 0  0.49 ± 0.06 0.52 ± 0.06   striatum: 
 12.5  0.54 ± 0.04 0.47 ± 0.03   no incr. 
 25  0.71 ± 0.10* 0.52 ± 0.03*    
 50  1.44 ± 0.17* 0.79 ± 0.10*    
 100  1.54 ± 0.48* 0.82 ± 0.10*    
 200  2.13 ± 0.35* 1.05 ± 0.22*    
2 injections @ weekly intervals      striatum 
 200  ~2 ~1   ~1 

No increase in Mn in left side of brain. Single 
injection, dose-dependent increase in Mn levels 
in olfactory bulb and to lesser extent olfactory 
tubercle. No increase in Mn in striatum. Levels 
decreased with time (@ 3, 7, 14d); at 7 and 14d 
not significantly different from controls. 
Repeated exposure required to increase Mn 
levels in striatum. 

Henriksson et al, (1999)       
Sprague-Dawley rats, MnCl2       
single dose, right nostril       
 µgMn Mn recovered, % of applied dose ± SD @ 3d 
 0.1 8.7 ± 2.8 3.2 ± 1.1  1.5 ± 0.6  1.2 ± 0.6 
 0.3 5.5 ± 1.0 2.2 ± 0.7  1.1 ± 0.4  1.1 ± 0.7 
 1.4 6.8 ± 1.9 1.6 ± 0.3  1.2 ± 0.2  1.3 ± 0.4 
 5.6 3.2 ± 1.7 0.61 ± 0.24  0.46 ± 0.14  0.67 ± 0.33 
 11 2.6 ± 2.4 0.33 ± 0.16  0.24 ± 0.11  0.45 ± 0.24 
 28 1.6 ± 0.8 0.22 ± 0.08  0.20 ± 0.08  0.34 ± 0.11 
 84 2.0 ± 0.7 0.18 ± 0.04  0.17 ± 0.02  0.23 ± 0.05 
 560 0.58 ± 0.14 0.03 ± 0.01  0.03 ± 0.00  0.06 ± 0.01 
 1120 0.35 ± 0.11 0.01 ± 0.00  0.01 ± 0.00  0.03 ± 0.01 

Uptake of Mn into olfactory epithelium and 
transfer to olfactory bulb along primary 
olfactory neurones, both saturable. 

CNS, central nervous system; ip intraperitoneal; ww wet weight 
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Parenteral adminstration 

Dastur et al. (1969) administered manganese (as 54Mn maleate solution) to Wistar rats by 
intraperitoneal injection. Blood levels fell sharply within the first day, then after a slight rise on day 
2 fell gradually over a 34-day observation period. In all organs other than the CNS radioactivity 
turned over with two components. Following an initial rise in radioactivity within the first few hours, 
presumably owing to absorption from the peritoneum via blood, levels fell on day 2 then exhibited a 
second peak on day 4, presumably owing to absorption from the blood. Subsequently, radioactivity 
levels fell in all organs other than the CNS. Highest peak concentrations generally occurred in the 
glandular structures, including liver and kidney, lower peak concentrations occurred in the 
gastrointestinal system, heart and lung, lowest peak concentrations occurred in the muscle, bone and 
skin. Unlike the other organs, the CNS (cerebrum, cerebellum and spinal cord) exhibited increasing 
levels of radioactivity through the 34-day observation period. 

Suzuki et al. (1983) studied the intracellular distribution of manganese following a single 
intraperitoneal injection of manganese acetate (245 mg/kg bw) in mice. Peak concentrations were 
reached in the blood and liver within several hours of injection and decreased to normal levels by 
24 hours. Peak concentrations in the brain were reached after a few days and decreased only slightly 
in the 10-day post-dose observation period. Hence, it was confirmed that organs such as the liver took 
up and released manganese rapidly and continuously, whereas the brain steadily accumulated and 
slowly discharged manganese. Most of the manganese distributed to the brain was recovered from 
mitochondria and lysosome-rich fractions; lysosomes took up the ions to the greatest extent. A 
previous study (by the same authors, cited in Suzuki et al., 1983) had shown that excessive 
manganese was incorporated into liver lysosomes and excreted into bile. In addition, electron 
microscopy showed an increase in the number of lysosomes in the corpus striatum and midbrain 
following intraperitoneal injection of manganese acetate. The weight of evidence suggested that 
lysosomes play an important role in the cellular disposition of manganese.  

Dastur et al. (1971) also administered manganese (as 54Mn maleate solution) to Rhesus monkeys by 
intraperitoneal injection. Blood levels fell from days 2–4, rose from day 7 to a peak on day 15 and a 
third peak on day 70. As in the rat, highest activity levels were seen in the cellular and glandular 
structures; lower peak concentrations were observed in the heart, lungs and carcass. In general, tissue 
radioactivity rose in the first two days with falling blood levels and subsequent additional peaks 
occurred around days 7 and 70, with a persistent prolonged discharge thereafter, indicating, as in the 
rat, a two component discharge for most organs (with the exception of the CNS, thyroid and muscle). 
Again as with the rat, unlike the other organs, a steady rising trend of radioactivity was seen in the 
CNS (including basal ganglia, cerebellum, brain stem and spinal cord) from day 7 throughout the  
278-day observation period. While all the components of the nervous system retained rather than 
discharged radioactivity, highest levels were found in the cerebellum and basal ganglia (especially the 
centriform nucleus (i.e. globus palidus and putamen), with lower levels in peripheral nerves. 

Gianutsos et al. (1985) studied accumulation of manganese in the brain and blood following 
subcutaneous injection of manganese dichloride or manganese tetraoxide (0.4 meq Mn/kg) in  
CD mice. Animals were sacrificed at intervals up to seven days after administration. Following 
injection of the oxide, manganese levels in blood reached a maximum four hours after injection, then 
declined steadily, but remained significantly elevated throughout the week following the injection. 
Levels of manganese in the brain reached a maximum within 24 hours and remained constant for one 
week. Following injection of the chloride, peak blood levels of manganese were reached within one 
hour of injection and were extremely high (10 000% of controls). Blood levels subsequently declined 
but were still significantly increased after one week. Brain levels peaked at approximately 24 hours 
and remained at this level for at least one week. Hence a single, high parenteral dose of manganese 
resulted in long-lasting elevation of blood and brain manganese content, and the time course of 
distribution to the brain varied with the form of manganese administered.  
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Gianutsos et al. (1985) also studied the kinetics of manganese in blood and brain following repeated 
subcutaneous exposure in CD mice. Animals received one to three weekly subcutaneous injections of 
the dichloride or tetraoxide (0.4 meq/kg/injection). Brain and blood were analysed for manganese 
content in animals sacrificed at 8 and 22 days for animals that received one dose, day 15 for those that 
received two doses, and at day 22 for those that received three doses. For both compounds brain and 
blood manganese levels increased as the number of doses increased. However, the elevated levels in 
the brain were less readily reversible than the blood levels. The levels of manganese in the brain were 
higher after repeated doses, confirming that accumulation occurs in this tissue. The chloride gave the 
greatest increase in blood and brain levels, probably owing to its greater water solubility, and the 
hydrophobic nature of the oxide.  

In their studies on the distribution of manganese in the brain of monkeys (see also inhalation, above), 
Newland et al. (1987) administered a subcutaneous infusion of manganese (as 54MnCl2) to one 
Macaca nemistrina monkey for 6 weeks. As assessed by monitoring gamma activity, the half-time for 
manganese clearance from the head was 54 days (i.e. much faster than the clearance of 223–267 days, 
as described above, following inhalation exposure). 

Following intravenous injection of manganese (as MnCl2, 6 mg Mn/kg) to Sprague-Dawley rats, 
manganese was rapidly eliminated from the plasma with an initial faster phase between 0 and three 
hours and a slower terminal phase between three and 12 hours (Zheng et al., 2000). By 12 hours the 
manganese concentrations in plasma were restored to control levels in all animals tested. Although the 
total volume of distribution of manganese was about 1.16 ℓ/kg, the central volume of distribution was 
only 0.14 ℓ/kg, suggesting an extensive distribution of manganese to the peripheral compartment. The 
central volume to which manganese was circulated (141 mℓ/kg) far exceeded the total rat blood 
volume (58 mℓ/kg). Hence manganese probably readily entered well-perfused spaces, including the 
liver and kidneys.  

In a further study of the distribution of manganese in the brain of monkeys, Newland et al. (1989) 
exposed one Macaca fascicularis and two Cebus apelas monkeys to manganese (as MnCl2) by 
intravenous injection. The Macaca monkey was exposed intravenously to 10 mg Mn/kg dose on 
day 1, followed by a 20 mg Mn/kg on day 21, and MRI scans were taken two days after each dose. In 
one Cebus apelas monkey MR images were obtained before manganese exposure and 6, 40, and 182 
days after a cumulative intravenous dose of 30 mg/kg. For a second Cebus monkey, the MR image 
was obtained before exposure and after a cumulative intravenous dose of 5, 10, and 50 mg/kg. As was 
the case following inhalation exposure, elevated concentrations of manganese were observed in the 
basal ganglia, substantia nigra and pituitary gland, indicating that the route of administration did not 
affect the regional distribution of manganese in the brain. Levels (based on spin-lattice relaxation 
time) were increased in the globus pallidus and pituitary gland after only 5 mg/kg of MnCl2, while 
higher doses where required to increase levels in the caudate and putamen. In addition, levels in the 
globus pallidus and pituitary gland remained elevated for over 180 days after termination of exposure, 
and for 140 days after levels in the putamen and caudate returned to normal. The basal ganglia were 
not highlighted in the images before exposure, indicating that manganese was not distributed to this 
area of the brain after normal dietary exposure.  

Placental transfer and distribution in young animals 

Since manganese is essential for normal development it would be expected to cross the placenta. 
Indeed Hanlon et al. (1975) described a study, which demonstrated that, following intravenous 
injection, manganese crossed the placenta at the critical organogenesis period of embryonic 
development in hamsters.  

Koshida et al. (1965a,b) investigated the distribution of intravenously administered manganese (about 
10 µc 52MnCl2) in mice embryos two hours after dosing the mother in three gestation periods (9, 12 
and 18 days). Autoradiography was used to determine manganese distribution in whole sectioned 
embryos. Uptake of 52Mn was extremely low in the early embryo, but increased gradually during 
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development. At nine days manganese was incorporated slightly but homogenously throughout the 
tissues. At 12 days manganese was abundant in the brain. In late embryo stages (18 days), manganese 
was transferred from the mother and distributed in various tissues of the embryo. Bone showed the 
highest concentration, corresponding to progressive ossification in the cartilage, and the liver had 
relatively high levels, probably owing to its active function of producing cells. The kidneys of the 
embryos had lower manganese levels than kidneys in the adults. The two main differences between 
the adult and embryo distributions were that in the embryo the concentration of manganese in the 
calcified part of the bone was as high as the liver and the concentration in the kidney was 
considerably lower than the liver and bone. 

Onoda et al. (1978) investigated transplacental transfer and distribution of manganese in pregnant 
Wistar rats at different stages of gestation. Solutions of manganese (as 54MnCl2; 0.5 or 10 mg/kg) 
were intravenously injected to pregnant Wistar rats on gestation days 10, 13, 17 and 19. The 
manganese distribution in maternal and fetal tissues was determined 3 hours and 20 days after 
injection. There was no stage-of-gestation-related altered tissue distribution in mothers. The placental 
distribution of the metal was significantly higher in the late stage of gestation than the middle stage. 
Hence the increase was disproportional to the placental weight gain. Conversely, similar 
concentrations of manganese were detected in the fetus (whole body) at each stage of gestation, so the 
increase in total manganese was proportional to fetal weight gain. Concentrations of manganese in the 
amniotic fluid were higher in the middle than late stage of gestation. Manganese administered to 
pregnant rats at each stage of gestation remained at higher concentrations in the fetal body at day 20 
of gestation than in the placenta. Significantly higher concentrations of manganese were detected in 
the fetal brain, heart, lung, liver and bone (actively differentiating tissues) compared to these tissues in 
the mothers.  

In young animals, particularly neonates, the pinocytic activity of the gastrointestinal tract allows 
particulate manganese oxides to be absorbed, dissolved and transferred to portal blood. Following loss 
of this uptake mechanism in adults, the intestinal wall acts as a barrier. In addition, the blood–brain 
and blood–testes barriers prevent accumulation in the brain and testes.  

Rehnberg et al. (1980) intubated Long Evans rat neonates with manganese particles (as Mn3O4 
suspended in a sucrose solution; 21, 71 and 214 µg/µℓ), from day 1 to day 20 postpartum. Between 
days 3 and 21, animals were sacrificed and increased manganese concentrations in liver, kidney, brain 
and testes were observed. However, the elevated levels in the testes were proportionately much less 
than those observed in the liver. The authors suggested that this might be due to the development of 
the blood–testes barrier early in development. Concentrations were highest at day 18, and decreased 
thereafter, even though intake was not altered. Brain concentrations of manganese were significantly 
increased in all dose groups by day 3 of dosing and remained above control levels until day 15. By 
day 18, the lowest dose group was not significantly different from the control group. Manganese 
levels in the brains of the two highest dose groups remained significantly above those of the controls 
throughout the test period.  

Chan et al. (1992) confirmed results obtained in a study conducted by Lai et al. (1981). Wistar rats 
were administered manganese, orally (as MnCl2 in drinking water; 10 mg/ml of water), from mating. 
Following weaning at day 21/22 the offspring were given the same manganese regime as the parents, 
until sacrifice. Manganese levels were measured in the hypothalamus, pons and medulla, striatum, 
midbrain and cerebral cortex in offspring at postnatal days 5 (early postnatal period), 10, 22 (day  
10–22 is the period of active myelination) and 120 (day 22–120 is the period of sexual maturation). 
The manganese exposure gave rise to significant increases in manganese accumulation in all brain 
regions during development, with the exception of the cerebellum at day 5. The brain regional 
distribution in development and the developmental pattern of the levels within regions were also 
affected. At day 5 the accumulation was most marked in the striatum and least in the cerebral cortex. 
By day 10 the largest accumulation of manganese was observed in the pons and medulla and least in 
the hypothalamus. Brain regional variations were less pronounced in weanling and adult rats. These 
results suggest that altered brain regional variation of manganese accumulation occurs when 
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developing animals are exposed to manganese, and that the regional accumulation is different from 
that in the adult. Hence the pathophysiology of neurotoxicity in developing animals might differ from 
that in adults.  

Miller et al. (1975) studied the effect of age on tissue distribution and excretion of manganese in mice 
following intraperitoneal injection of radiolabelled manganese (54Mn) on days <10, 16, 21, 28, 74 and 
154 post-partum. Animals were sacrificed 18 days after initiation of excretion (around postnatal 
day 35) or, in the case of animals dosed after excretion had begun, sacrifice was 18 days after dosing. 
Levels in the liver, kidney and gastrointestinal tract increased with age, the largest increase occurred 
at weaning. There was an inverse relationship for brain levels, which decreased dramatically in 
animals that were capable of excreting manganese at the time of administration (i.e. 16 days and 
older).  

7.1.3.3 Transport of manganese  
The role of transferrin 

Manganese in vivo is present in the divalent and trivalent states (Cotzias, 1958) and undergoes 
oxidation–reduction reactions. 

As reported by Aschner and Aschner (1990), the divalent manganese ion does not have a high affinity 
for any endogenous ligand: it has little tendency to complex with sulphydryl groups or amines; and it 
has low affinity for endogenous complexing ligands such as glycine, cysteine, riboflavin and 
guanosine. Manganese forms plasma complexes with β1-globulin or α2-macroglobulin and binds 
weakly and non-specifically with albumin. Binding with neither α2-macroglobulin nor albumin can 
explain transport of manganese across the blood–brain barrier (see below) as neither protein is 
transferred across the barrier. However, transferrin may be capable of transporting the trivalent 
manganese ion from plasma across the blood–brain barrier.  

Critchfield and Keen (1992) demonstrated that manganese (as MnCl2) in human plasma, in vitro, 
associated with several ligands; it associated initially with very low molecular weight ligands but 
increasingly, with time, it associated with transferring, subsequent to probable oxidation of divalent 
manganese ion to the trivalent ion. 

Anderson et al. (1999) conclude that manganese absorbed from the gut is transported to the liver in 
the divalent form. Dose–dependent excretion of divalent manganese in the bile regulates the 
absorption of ingested manganese and limits systemic uptake. Any manganese that is absorbed via the 
oral route is probably converted in the liver to trivalent manganese, bound to transferrin. In contrast 
manganese administered systemically by inhalation (or injection) primarily becomes complexed, in 
the trivalent form, with transferrin. 

As reported in a review (Andersen et al., 1999), the distribution and elimination of manganese has 
been shown to be altered in transferrin knockout mice (mice genetically engineered so that they 
cannot produce transferrin; also referred to as transferrin null). The hepatic uptake of a tracer dose of 
manganese administered to transferrin knockout mice was enhanced 24 hours after administration; 
however, distribution to other tissues was similar to that in wild-type mice. In addition, transferrin 
null mice had a more rapid loss of manganese from the body. These findings suggest a role of 
transferrin in the conservation of manganese stores within the body by keeping it bound in its trivalent 
state.  

The oxidation state of manganese thus appears to be a key determinant of its distribution, 
accumulation and secretion. While divalent manganese is rapidly cleared from the blood and 
efficiently excreted in the bile, the trivalent ion is transported across membranes and has a slower 
elimination rate and therefore the greatest potential to accumulate in tissues (Aschner & Aschner, 
1991).  
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Archibald and Tyree (1987) propose that the pathology of manganese toxicity is related to the 
formation of trivalent manganese complexes under physiological conditions and the subsequent 
interaction of such complexes with catecholamines, including the neurotransmitter dopamine and its 
precursor and biosynthetic products.  

Transport across the blood–brain barrier 

While, as summarised above, several studies have shown that after oral or systemic administration 
manganese does enter the brain, the brain receives only a small amount of administered dose, 
suggesting the manganese uptake is restricted by the blood–brain barrier (e.g. Murphy et al., 1991). 

The lateral choroid plexus, a heavily vascularised tissue, manufactures and maintains homeostasis of 
cerebrospinal fluid, and acts as a barrier between the blood and cerebrospinal fluid. Transport systems 
exist to move compounds from the blood to the cerebrospinal fluid and vice versa. Aposhian et al. 
(1999) demonstrated that in rats the lateral choroid plexus sequestered manganese ions thus protecting 
the cerebrospinal fluid, although at high intraperitoneal doses (50 mg/kg) manganese leaked into the 
CNS. However, the lateral choroid plexus did not remove manganese that was added to cerebrospinal 
fluid. Studies on intrathecally administered manganese suggested that manganese entered neuron cell 
bodies located in the ventral mesencephalon and accumulated slowly in synapses located in the 
caudate-putamen.  

How, and in what chemical form, manganese is transported across the blood–brain barrier is not 
clearly understood. A number of mechanisms are probably involved: these may include facilitated 
diffusion, a passive process driven by transport carriers, and an electrochemical gradient; an active 
transport driven by transport carriers and exergonic chemical reactions; and transferrin-dependent 
transport (Aschner, 2000). 

A study in which male Fischer 344 rats were infused intravenously with manganese (as 54MnCl2 and 
manganese (II) acetate) suggested that manganese transport into the brain and choroids plexus was 
saturable but that transport into the cerebrospinal fluid was nonsaturable. (Murphy et al., 1991). Rabin 
et al. (1993), using an in situ rat brain perfusion technique, demonstrated that manganese (as 54MnCl2) 
was readily taken up into the CNS, probably as the free ion. While these two studies suggest a role for 
divalent manganese ion transport across the blood–brain barrier, uptake of trivalent manganese ion 
into the brain via a transferrin-dependent mechanism has also been proposed (Aschner et al., 1999). 

A study conducted by Aposhian et al. (1999) supported the hypothesis that manganese concentrations 
in the ventral mesencephalon (a region of the brain involved in the production of dopamine and motor 
control) are dependent on the sodium- and chloride-dependent dopamine reuptake carrier for transport 
into the neuron. However, the authors noted that the reuptake carriers for dopamine, serotonin and 
noradrenaline share varying degrees of cross-transport; therefore other neurotransmitter carriers could 
transport manganese, and could indeed be transported by additional unknown mechanisms. 

7.1.3.4 Synopsis on distribution and transport  
All human tissues contain manganese, with lower levels occurring in the brain than in other 
organs, such as the liver, pancreas and kidney. Newborns up to about six weeks of age have 
higher tissue concentrations than do adults. Other than this there is no tendency for tissue levels 
to decrease or accumulate with age (Schroeder et al., 1966; Bonilla et al., 1982). Whole blood 
manganese levels in humans are low and stable, with slight seasonal and diurnal variations but 
no significant difference between men and women (WHO, 1981).  

In rats and monkeys, following exposure to manganese by inhalation, manganese levels were 
elevated in the lung and some areas of the brain (e.g. Ulrich et al., 1979a; Dorman et al., 2001a; 
Salehi et al., 2001; St-Peirre et al., 2001). Some studies also reported elevated levels in other 
organs. In two studies (Drown et al., 1986; Dorman et al., 2001a) soluble inhaled manganese was 
initially absorbed and distributed around the body more readily than was insoluble manganese. 
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Whereas in humans with manganese overload and in non-human primates exposed to 
manganese by inhalation or other parenteral routes, manganese levels in the brain were, 
typically, elevated in the basal ganglia (Dastur et al., 1971; Nishiyama et al., 1977; Newland et 
al., 1989; Henriksson et al., 1999; Lucchini et al., 2000), studies in rodents indicated more 
variable distribution, including to the cerebellum and olfactory bulb (e.g. Vitarella et al., 2000b; 
Salehi et al., 2001; St-Pierre et al., 2001). While the route of exposure (via inhalation or 
intravenous injection) did not affect the regional distribution in the brain of monkeys, it did 
influence persistence (Newland et al., 1987, 1989). 

Inhalation and intranasal instillation studies in rodents have indicated that the olfactory nerves 
can act as a route of direct access to the brain (Gianutsos et al., 1997; Henriksson et al., 1999; 
Vitarella et al., 2000b). However, the relevance of this route to manganese neurotoxicity in 
humans is not known. Interspecies differences in nasal and brain anatomy and physiology 
complicate the interpretation of studies. In the rat, the olfactory bulb accounts for a large 
proportion of the CNS and the nasal olfactory mucosa covers approximately 50% of the total 
nasal epithelium. However, the olfactory bulbs are much smaller in humans who have evolved 
to rely less than rodents on the olfactory system for survival. Also, rats are obligatory nasal 
breathers whereas humans are oronasal breathers, suggesting that the olfactory route of 
exposure might be of less, if any, significance to humans (Brenneman et al., 2000; Vitarella et al., 
2000a; Dorman, 2002).  

The distribution of manganese appears to be influenced by its oxidation state. The trivalent 
manganese ion is bound to transferrin in the blood, forming a complex that passes more readily 
through the liver and on to other organs. Systemic distribution appears to be predominantly 
determined by the disposition and kinetics of the transferrin-trivalent manganese ion complex 
(Andersen et al., 1999). 

Manganese is transported across the blood–brain barrier, though how and in what chemical 
form is not clearly understood. 

7.1.4 Elimination 
7.1.4.1 Humans 
Mena et al. (1967, 1969) investigated the total body loss of radiolabelled manganese following an 
intravenous injection of 20 µc of 54Mn2+ in sodium chloride. Fourteen healthy, working manganese 
miners and 13 hospitalised patients diagnosed with chronic manganese poisoning were tested. Eight 
healthy medical personnel were used as the controls. Each of the individuals underwent an 
examination to obtain a history and general physical examination, in order to detect family history of 
nervous disease and presence of concurrent diseases, such as syphilis, alcoholism, malnutrition, 
tuberculosis and pneumoconiosis. The half-life was shortest in the healthy miners (about 12 days) and 
longest in the chronically ill patients (about 27 days; controls: about 22 days). Some of the healthy 
miners showed an initial rise before a decline in radioactivity. The authors concluded that this was 
indicative of an initial clearance of manganese from the blood and a corresponding concentration in 
the liver. As manganese is primarily excreted via the liver, the result is compatible with a rapid 
excretion of manganese by healthy workers. The increased rate of excretion was thought to be 
associated with an increased body burden of manganese in the workers. The controls and chronically 
poisoned patients had slower and similar excretion rates. The authors attributed this to the patients 
having not been exposed to manganese for some time so that their body stores had largely been 
eliminated. These findings were also interpreted as indicating the presence of large, actively 
exchanging stores of tissue manganese in healthy miners, in contrast to the controls and patients who 
had very low tissue levels, such that administered manganese was distributed to the tissues and 
eliminated more slowly.  
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Thomson et al. (1971) conducted duodenal perfusion of individuals (details on sex and age not given) 
with normal iron status (based on stainable iron in marrow and gut iron absorption in the range  
22–37%), patients with iron overload, and patients with iron deficiency (stainable iron absent from 
bone marrow and increased iron absorption in the range 41–82%). Four test doses of manganese (as 
45MnCl2; 1105 mg of Mn) were administered orally over a 2-day period. Faeces and urine were 
analysed for manganese content using a scintillation counter. Average retention of manganese was 
about 8% and independent of iron status. Measurement of manganese excretion over ten days after the 
oral dose showed no difference between normal individuals and iron deficient individuals, indicating 
that the increased manganese absorbed by iron deficient individuals was not retained in the body.  

Mitchell and Hamilton (1949) and Consolazio et al. (1964) demonstrated that manganese is excreted 
into sweat, in extremely small quantities, under hot humid conditions.  

7.1.4.2 Animals 
Biliary excretion of manganese has been studied for many years (Bertinchamps et al., 1966; 
Papavasiliou et al., 1966; Cikrt, 1972). Early experiments in Sprague-Dawley rats showed that 
manganese was mainly excreted into the bile and the majority of elimination from the body was in 
faeces (Papavasiliou et al., 1966). Greenberg et al. (1943) estimated that about 50–75% of manganese 
administered by intraperitoneal injection to rats that made its way from the body into the 
gastrointestinal tract did so in bile, and postulated that manganese intake in excess of the body’s 
requirements was transported to the liver for excretion into bile. Tichy et al. (1973) studied 
manganese binding in Wistar rats following intravenous administration of manganese (as MnCl2 
solution; 0.6 mg MnCl2.4H2O) and found that during the first 3 hours the quantity of manganese 
excreted into the bile was 11.9% of the total dose administered, and that in the next 3 to 20 hours this 
increased to 16.9%. Cikrt (1972) investigated biliary excretion following intravenous administration 
of manganese (as 52MnCl2; 30 µg per animal — a non-toxic dose) in Wistar rats. The bile ducts of the 
animals were cannulated allowing collection of bile and determination of manganese levels by 
measuring radioactivity. Levels of manganese in urine, faeces, six anatomical segments of the 
gastrointestinal tract (stomach, duodenum, jejunum, ileum, caecum and colon, including their 
contents), the liver and the kidneys were determined. The cumulative excretion of manganese during 
the first 24 hours after administration had a mean of 26.7 ± 9.3%, with a maximum rate at  
8–16 minutes after injection. After 24 hours about 10% of the administered dose of manganese was 
found in the liver, and 2% in the kidneys. During the 24 hours, after exposure the quantity of 
manganese excreted in urine was extremely low (0.015 ± 0.008% of administered dose), as was the 
level of manganese in plasma (0.036 ± 0.025 of administered dose). The highest gastrointestinal wall 
concentration of manganese was in the jejunal segment and the highest quantities in the intestinal 
content were in the caecum.  

Kojima et al. (1983) studied biliary excretion in Wistar rats by cannulating bile ducts. Following an 
oral dose of manganese (as MnCl2; 50, 100 or 200 mg Mn/kg bw) biliary excretion (percentage of 
dose) was similar at the two lower doses but significantly decreased at the highest dose. A similar 
trend of decreasing biliary excretion, as percentage of dose, with increasing dose was observed for 
intraperitoneal administration (1, 5 or 10 mg Mn/kg). Kojima et al. (1983) also investigated 
gastrointestinal excretion in rats by cannulating the gastrointestinal tract as well as the bile duct. At 
higher intraperitoneal doses of manganese chloride (1–10 mg Mn/kg bw) the proportion of manganese 
excreted in bile decreased and, conversely, an increase in excretion from the small intestine was 
detected (maximum of approximately 3%). The proportion of the dose excreted into the stomach was 
about 0.04% at all doses and therefore insignificant. Therefore the gastrointestinal mucosa became an 
important route for manganese excretion when high amounts were administered and biliary excretion 
became saturated (Kojima et al., 1983).  

Klaassen (1974) showed that the affinity of bile for manganese was about 50% that of plasma and 
about 20% that of the liver. The authors suggested, therefore, that manganese would not be passed to 
bile passively, and suggested that an active transport system exists. However, the plasma and liver 
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contain ligands with higher affinity for manganese than bile. The mechanism of transfer to the bile 
requires further investigation.  

Sato et al. (1996) investigated the influence of dietary manganese intake on the excretion in ICR mice 
of an intraperitoneal dose of manganese (as 54MnCl2). Manganese chloride was added to the diets in 
concentrations of 240, 800, 2400, and 8000 mg/kg (dry weight). Whole body retention and food 
intake were observed at intervals for 21 days. The excretion of manganese was accelerated in a dose–
dependent manner. Mean whole body retentions on day 21 were 30.7, 18.5, 12.4, 5.5 and 2.5% for 80, 
240, 800, 2400 and 8000 mg/kg diet groups, respectively. Two phases of elimination were observed, 
one fast and one slower. The biological half-lives for both phases were reduced, and the percentage of 
the fast component, was markedly increased with increasing dietary intake. This was shown by the 
estimated percentage elimination on the first day after injection of radiolabelled manganese, which 
was 3, 11, 24, and 40% for the 240, 800, 2400 and 8000 mg/kg diets, respectively. Thus increasing 
oral intake of manganese can increase excretion of manganese.  

Bertinchamps et al. (1966) conducted a study with Sprague-Dawley rats, to identify the various routes 
of manganese excretion and their interdependence in relation to metabolic loads. It was demonstrated 
that, in comparison with other parts of the gastrointestinal tract, the duodenum and jejunum excreted 
the highest amounts of manganese into the gut lumen. This study also revealed that dietary levels of 
manganese influenced excretion of an intravenous injection of manganese. Animals reared on 
standard laboratory diet excreted manganese into the bile in two distinct waves. The first appeared to 
be linked to the blood clearance and was thought to be the result of a direct passage of manganese 
from the plasma into bile. Once in the intestine manganese can be reabsorbed into the blood, so the 
second wave was a result of enterohepatic circulation. However, this second wave does not occur 
when the body is manganese deficient. In addition, the authors postulated that when the biliary 
excretion route becomes saturated, auxiliary excretion occurs via the gut. Britton and Cotzias (1966) 
confirmed the findings of the above study in an investigation of the effects of varying dietary intakes 
of manganese on the rate of elimination and distribution of a single intraperitoneal dose of manganese 
(as MnCl2) in Swiss albino mice. An extensive isotopic exchange had taken place between 
parenterally injected radiomanganese (54Mn) and the orally administered stable metal (55Mn), and 
there was a linear relationship between the rate of excretion of injected manganese and the dietary 
level.  

Miller et al. (1975) studied the effect of age on tissue distribution (see Section 7.1.3) and excretion of 
manganese in mice following intraperitoneal injection of 54Mn on days <10, 16, 21, 28, 74 and 
154 days post-partum. Until approximately postnatal day 17 mice showed almost total retention of the 
radioisotope. At around day 17, rapid, whole body excretion began, with two exponential rates. To 
detect effects of weaning and maturation on excretion rates, additional animals were administered 
radiolabelled manganese, by intraperitoneal injection, at postnatal days 16, 21, 28, 74 and 154. With 
increasing age at dosing, the whole body excretion half-lives of the two components showed first a 
decrease, then a rise between days 21 and 28, the period when weaning occurred. In addition, the 
intercept of the slow components with the y-axis (percentage of total administered) also showed an 
initial decrease followed by a rise at 21–28 days. This suggested an overall acceleration in excretion 
and also a relative increase in the fraction excreted via the fast component, from weaning. The effect 
of age at administration of manganese on percentage of the recovered radioactivity in liver, brain, 
kidney, gastrointestinal tract and the remaining carcass was investigated. Animals were sacrificed 
18 days after initiation of excretion or, in the case of animals dosed after excretion had begun, 
sacrifice was 18 days after dosing. Levels in the liver, kidney and gastrointestinal tract increased with 
age, the largest increase occurred at weaning. There was an inverse relationship for brain levels, 
which decreased dramatically in animals that were capable of excreting manganese at the time of 
administration (i.e. 16 days and older). Carcass manganese levels decreased initially, but increased 
from postnatal day 16. Overall this study indicated that regulation of tissue concentrations of 
manganese, by excretion, was absent in newborn mice. However, accumulation, redistribution and 
intracellular partitioning of manganese were functioning, leading to a marked rise in tissue manganese 
in neonates. It appeared that around postnatal day 17 (in mice) the excretion of manganese was 
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initiated, so allowing homeostatic control, which continued throughout life. Similar observations were 
made in a study by Keen et al. (1986). It was hypothesised by Miller et al. (1975) that neonates retain 
manganese, particularly in the brain, which is susceptible to deficiency, in order to compensate for the 
low levels provided by the mothers’ milk. However, the brain is also susceptible to toxicity, and this 
might be a reason for the low levels provided by breast milk.  

Liver mitochondria are sites of preferential accumulation of manganese in adult animals; therefore 
Miller et al. (1975) determined intracellular distribution of radiolabelled manganese in the liver on 
postnatal days 7, 10, 12, 16 and 35. The mitochondrial levels of manganese did not vary with age and 
therefore could not be linked to excretion.  

Within one hour of an intravenous injection of radiolabelled manganese (as 54MnCl2; equivalent to 
50 µc of 54Mn), the radiolabel appeared in the pancreatic juice of dogs with pancreatic fistulas. The 
authors reported several observations: the concentration of manganese in pancreatic juice was 
normally greatly in excess of that in blood; non-radioactive manganese was found in pancreatic juice 
prior to intravenous injection; and manganese output varied periodically with feeding schedule and 
appeared to be proportional to the output of protein nitrogen. Furthermore it is known that manganese 
activates many enzyme systems. The authors concluded that manganese was secreted in pancreatic 
juice as a normal function of the acinar cell, and that manganese might have a role in the activity of 
pancreatic enzyme systems (Burnett et al., 1952). More recently it has been shown that manganese 
accumulates in the lysosomes of the pancreas in rodents, and it has been postulated that the pancreas 
might contribute towards the excretion of toxic intakes of this metal (Okamoto et al., 2000).  

7.1.4.3 Synopsis on elimination 
Manganese is primarily excreted in bile; however, excretion via the pancreas and small intestine 
also occurs. Enterohepatic circulation is, therefore, relevant to manganese toxicokinetics. 

In experimental animal studies, the excretion of manganese increases in a dose–dependent 
manner with increasing dietary intake.  

7.1.5 Metabolic interactions 
The most noteworthy interaction of manganese is with iron, which has implications for potential 
increased accumulation of CNS manganese in iron-deficient individuals. Manganese and iron are 
chemically and biochemically similar. For example, both are transition metals, they are adjacent to 
each other in the periodic table, and both carry valence charges of +2 or +3 in physiological 
conditions, have a similar ionic radius, bind strongly to transferrin and preferentially accumulate in 
mitochondria. Therefore manganese has the potential to interact directly with iron at the cellular and 
subcellular levels, particularly with certain mitochondrial enzymes that require iron as a cofactor in 
their active catalytic centre, for example aconitase and succinate dehydrogenase (Aschner, 2000).  

Schafer et al. (1974) investigated the effects of ethanol on the transport of manganese by the small 
intestine in Sprague-Dawley rats. They found that when ethanol was placed in the stomach with 
manganese, the absorption of manganese was enhanced. This was reflected by a twofold increase in 
liver uptake. In vitro studies confirmed an increased transport of manganese from the intestine; 
however, direct structural damage by ethanol could not be excluded, and the mechanism for the 
increased uptake was not determined.  

7.2 Toxicodynamics in humans 
7.2.1 Introduction 
This section (Section 7.2) presents details of a large number of epidemiological studies, from several 
countries in different regions of the world, including Europe, North and South America, Africa and 
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Asia. The focus is primarily on studies of occupational exposure to manganese that contribute to the 
overall assessment of its occupational health effects. In effect, to provide as complete a picture as 
possible, most of the studies identified as outlined in the Preface and the Annex have been included. 
However, some occupational studies that have been reviewed in Section 6, as they are relevant to the 
assessment of occupational exposure, are not further summarised below (Sections 7.2.2–7.2.7), as 
they include data on health effects of only limited use. Some other studies have been excluded owing 
to reporting limitations, for example uncertain methods and outcomes or unclear exposure metrics. 
These are largely older studies that add little information to the knowledge base and make no 
contribution to setting occupational exposure limits. Although exposure of the general population to 
manganese is not the principal focus of this report, some high-quality community-based studies 
relating to environmental exposure have been identified and included for completeness, particularly if 
they highlight some relevant information on manganese toxicity. All of the data summarised here are 
from epidemiological studies as no human volunteer studies on manganese exposure have been 
identified.  

Reports on single or short-term exposures are reviewed in Section 7.2.2, and studies on repeated 
(generally longer-term) exposures to manganese are reviewed in subsequent sections. Section 7.2.3 
reviews general toxicity following repeated exposures; other studies on repeated long-term exposures 
are grouped according to the principal toxic endpoints considered — immunotoxicity, neurotoxicity 
and behavioural effects, carcinogenicity and genotoxicity, and reproductive effects (Sections  
7.2.4–7.2.7). Within each section, where appropriate, studies are generally grouped by occupational 
sector, as defined in Section 6; within each sector studies are grouped by region — Europe, North 
America, Africa, Asia and South America. The majority of studies include exposed workers from only 
one occupational sector. The few studies that include workers from more than one occupational sector 
are usually classified according to the primary occupational sector involved; this may be the sector 
with the highest manganese exposure or the sector from which the majority of subjects are derived. If 
there is no one specific sector that can be considered the primary sector of a study, the study is 
classified under ‘Other Occupational Exposure’, which also includes those studies for which the exact 
nature of occupational manganese exposure is not reported 

In this section (Section 7.2), exposure data are summarised as manganese in air, where such data are 
available; otherwise manganese concentrations in blood or urine are reported. Where available, more 
complete exposure data for each study are presented in Section 6.  

7.2.1.1 Historical aspects of manganese poisoning 
The most serious condition associated with exposure to high levels of manganese is a form of 
manganese poisoning often described as ‘manganism’ — a condition that resembles Parkinson’s 
disease. Coupier first described the condition in 1837, in France, among five workers employed in the 
grinding of manganese dioxide during the manufacture of chlorine, which was used in the production 
of bleaching powder. Subsequent reports appeared in Austria in 1901, the USA in 1919, and the UK 
in 1922 (Hunter, 2000). In addition, Brezina (1921) reported a high incidence of pneumonia, 
presumably related to inflammation in the lungs, in workers handling manganese ores. 

The neurological impact of manganese poisoning is progressive and is said to pass through three 
stages (Rodier, 1955; Saric et al., 1977). Onset of the first stage is insidious; there are no specific 
signs or symptoms but workers may complain of anorexia, apathy, tiredness, headaches, weakness in 
the legs, joint pains and irritability. The second stage includes dysarthria, disturbances of posture and 
excessive salivation. These signs may be accompanied by or even preceded by ‘manganic madness’ – 
an organic psychosis that tends to disappear when parkinsonian symptoms supervene. The third stage 
is characterised by akinesia and rigidity, particularly of the lower limbs, and by paresthesiae and 
speech disturbances as well as muscle pains. However, the progressive nature of manganism remains 
an area of debate.  
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There are differences between true parkinsonism and some of the features seen in manganese 
poisoning. Whereas an intention tremor has often been associated with manganese poisoning, a 
resting tremor is seen in idiopathic parkinsonism. Furthermore there is often some dystonia in 
manganese poisoning. In true parkinsonism the part of the brain most markedly and commonly 
affected is the substantia nigra; the striatum and pallida are little affected (although the dopamine 
level is much reduced). In contrast, among individuals with manganese-induced changes, the striatum 
and pallida are most affected but there is little damage to the substantia nigra. In such cases, dopamine 
levels are reduced in the substantia nigra as well as the striatum (Jacobs & Le Quesne, 1992). 

As the main toxic effects of manganese are neurological in nature, much of this report focuses on 
neurotoxicity and neurobehavioural effects. Other areas of concern regarding manganese toxicity have 
been the respiratory/cardiovascular systems, male fertility and carcinogenicity.  

7.2.2 Effects following single or short-term exposure 
The effects of single exposure are usually related to accidental or deliberate (i.e. intentional self-harm 
attempt or attempt to induce abortion) oral ingestion of manganese salts, such as potassium 
permanganate, in a non-occupational setting.  

Young et al., (1996) reported the case of a 24 year-old female, who died of acute hepatorenal toxicity 
following ingestion of approximately 5–10 g potassium permanganate. A case of pyloric stenosis 
following ingestion of coated tablets of potassium permanganate (approximately 3 g) has also been 
reported (Dagli et al., 1973). Oesophageal stricture was reported in a 20 year-old woman who 
ingested 25 g potassium permanganate in a successful attempt to induce abortion; potassium 
permanganate has been used as an abortifacient by oral and vaginal routes and can cause haemorrhage 
or ulceration if inserted vaginally (KochHar et al., 1986). Accidental ingestion of potassium 
permanganate tablets has also been reported (Huntley, 1984); a 56 year-old woman ingested 650 mg 
potassium permanganate, resulting in first degree chemical burns of the upper gastrointestinal tract. 
The probable lethal dose of potassium permanganate for an adult is 10 g (Huntley, 1984). There is no 
report of single inhalation exposure in the published literature.  

A case report from Germany (Holzgraefe et al., 1986) describes accidental ingestion of potassium 
permanganate solution (approximately 10 g) over 4 weeks, by a 66 year-old male patient. 
Neurological symptoms developed and the maximal value of manganese in serum was 150 µg/ℓ. A 
gastric ulcer improved when ingestion was stopped. Nine months later, signs of parkinsonian 
syndrome were present. 

No data are available in the published literature on irritant effects of manganese and its compounds on 
the skin or eyes. 

7.2.2.1 Synopsis on effects in humans following single or short-term exposure 
The ingestion of a single dose of potassium permanganate can be fatal, the probable lethal dose 
for an adult is 10 g. Ingestion of a large single dose of potassium permanganate may cause burns 
and stricture of the upper gastrointestinal tract. 

7.2.3 General toxicity following repeated exposure 
The endpoints described in this subsection include respiratory symptoms and cardiovascular 
symptoms. The length of exposure varies between studies, but most are prolonged. The majority of 
epidemiological studies are from the mining and production of alloys sectors; no study on general 
toxicity following exposure in the steel production, other metal smelting processes or agricultural 
products sectors has been identified in the published literature. Summary data are provided in 
Table 7.8 at the end of this section. 
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7.2.3.1 Mining 
Boojar and Goodarzi (2002) investigated the effects of manganese on the respiratory system in 
145 manganese mine workers, in comparison with 65 male controls from the same geographical 
region in Asia. Details of exposure levels are given in Section 6.1.2.1. The two groups did not differ 
significantly in age, ethnicity or smoking habits (although there were more smokers in the exposed 
group). The exact nature of the employment of the controls (assumed not to be mine workers) was not 
stated, other than that they were similar in terms of salary, education, socioeconomic status and 
workload characteristics. Although the main focus of the study was on air exposure it was also noted 
that the manganese concentration in the water consumed by the exposed workers exceeded World 
Health Organization (WHO) guidelines (50 µg/ℓ); the mean concentration of manganese in water 
consumed by workers when they started working in the mines was 283 µg/ℓ; concentrations at 
subsequent times were similar. The controls drank water containing low levels of manganese. There 
were no significant differences in lung function tests at the time of initiation of employment (Stage 1; 
arithmetic mean (AM), respirable level, 27.6 mg/m3) between exposed and non-exposed workers. 
However, after approximately 4.3 years of employment (Stage 2; AM, 38.1 mg/m3) and 
approximately 3.2 years later (Stage 3; AM, 43.3 mg/m3), manganese exposed workers, both smokers 
and non-smokers, had significantly decreased values in tests for forced vital capacity (FVC), forced 
expiratory volume in 1 second (FEV1) and FEV1% (FEV1/FVC expressed as a percentage), compared 
with control workers. Among exposed workers, the mean values of the lung function tests decreased 
dramatically between Stages 1 and 2, and slightly between Stages 2 and 3. There was also a 
significant decrease in pulmonary function in smokers compared with non-smokers at Stages 2 and 3. 
Respiratory symptoms were reported more frequently in exposed workers than in controls at Stages 2 
and 3, and were also more frequent among exposed workers at Stages 2 and 3 than in the same 
workers at Stage 1. Comparing exposed workers between the three stages, there was an increase in 
pulmonary impairment from Stages 1 to 2 and from Stages 2 to 3. Between manganese exposed 
workers and controls, there was a higher prevalence of pulmonary impairment at Stages 2 and 3. The 
authors concluded that the respiratory effects seen in manganese exposed workers (from manganese in 
dust in the workplace and in the well water) were probably caused by manganese exposure and there 
was probably a synergistic effect with smoking. The study used a large sample and appears to be well-
conducted. However, potential exposures that may have been present in a general mining 
environment, such as silica or dust, do not appear to have been taken into consideration, although total 
dust concentrations within the mine were recorded. With such potential confounders, it may be the 
case that the conclusions of this study relate to the effects of a general mining environment (e.g. dust 
exposure), rather than specifically to a manganese mining environment.  

Among 12 mine workers with symptoms of manganese poisoning, described by Chandra et al., (1974) 
in a study from India (see Section 7.2.5.1 for more details), mean serum calcium levels were 
increased, relative to controls, in all 12 subjects, and mean serum adenosine deaminase levels were 
increased in subjects with moderate or severe poisoning. 

7.2.3.2 Production of alloys 
Respiratory effects  

Hobbesland and colleagues have conducted a series of historical cohort studies, using mortality (and, 
in some studies, morbidity) data, among workers in Norwegian ferroalloy plants, some of which 
involved manganese exposure. In the earliest study (Hobbesland et al., 1996), the main focus was on a 
cohort of 14 730 male workers from 12 ferroalloy plants, four of which produced mainly 
ferromanganese/silicomanganese (along with other alloys). Only men employed for the first time 
between 01 January 1933 and 31 December 1990 and for at least 6 months were eligible for the study. 
Manganese dioxide and manganese oxide were major constituents of the manganese ore used as raw 
material. Most of the results were presented for all ferroalloy workers combined; however, causes of 
mortality, as classified by the International Classification of Diseases (ICD) codes, were also analysed 
separately for 3086 ferromanganese/silicomanganese furnace workers. Deaths occurring between 
1962 and 1990 were assessed; standardised mortality ratios (SMRs) were calculated based on 
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Norwegian male 5-year age specific rates. For ferromanganese/silicomanganese furnace workers with 
less than 3 years of employment, significant excess mortality was seen for diseases of the respiratory 
system (SMR, 1.98; 95% confidence interval (CI), 1.22–3.02), accidents, poisonings and violence 
(SMR, 1.68; 95% CI, 1.19–2.29), and alcohol intoxication (SMR, 4.52; 95% CI, 1.47–10.5). Among 
ferromanganese/silicomanganese furnace workers employed for 3 or more years, only deaths from 
accidents, poisonings and violence were in excess (SMR, 1.44; 95% CI, 1.04–1.94). Excess mortality 
from these causes also occurred in other subgroups of workers not exposed to manganese, and the 
authors considered this was unlikely to be related to employment exposures. The authors also 
acknowledged that the effects of smoking might have confounded the results of certain causes of 
death, such as respiratory system diseases. Furthermore, in addition to manganese, workers would 
have been exposed to other potential hazards, such as heat, carbon monoxide or shift work, that may 
have influenced mortality. Hence, it is not possible to make any specific connections between 
mortality from any particular cause and manganese exposure.  

In a later paper, Hobbesland and colleagues reported in more detail on mortality from non-malignant 
respiratory diseases among the same group of workers (Hobbesland et al., 1997a). The mortality for 
all non-malignant respiratory diseases was not elevated for workers in 
ferromanganese/silicomanganese plants (n = 6275). However, there were excess deaths from 
bronchitis, emphysema and asthma combined, among ferromanganese/silicomanganese furnace 
workers (n = 3086) employed for less than 3 years. Mortality from pneumonia was not significantly 
increased among ferromanganese/silicomanganese workers, and there was no association between 
mortality from pneumonia and duration of work. Six deaths from pneumonia occurred between 1972 
and 1984 during active person-time, three ferromanganese/silicomanganese plant furnace workers and 
three non-furnace workers. Active person-time was the time from the start of follow-up until the end 
of last employment (including periods off work) plus 0.1 year. (It is assumed that the addition of 0.1 
year allows for exposure-related effects that might still be occurring during this time). No 
corresponding deaths occurred in workers exposed at ferrosilicon/silicon metal plants. The authors 
believed that these deaths may have been associated with manganese exposure or correlated exposure. 
Available data indicated that the median total manganese exposure among furnace workers at the 
plant where four of the pneumonia deaths occurred was 0.99 mg/m3 during 1979–1991. The authors 
stated that the most important confounding factor for this study was probably cigarette smoking. 
However, following further analysis, the authors concluded that the lack of accurate information on 
smoking habits had not led to any serious bias. 

An extensive study has focused on issues around manganese exposure in a ferromanganese alloy plant 
in a Yugoslavian town (EPA, 1978). (The study by Saric and Hrustic (1975), see below, appears to be 
based on the same plant.) This factory had been in existence since before World War II. The size of 
the town was approximately 31 000; 1400 people worked at the factory, of whom 450 were exposed 
to manganese. At the same site, there was also an electrode plant. Mean concentrations of airborne 
manganese for the ferroalloy workers in the manganese exposed areas of the ferroalloy plant ranged 
from 0.39–20.44 mg/m3 (Saric & Hrustic 1975; see also Section 6.1.2.2). The study included a 
retrospective analysis of work absence arising from pneumonia and bronchitis in exposed workers and 
an epidemiological survey of the prevalence of chronic non-specific lung disease, arterial blood 
pressure (see below) and neurological abnormalities (see Section 7.2.5.2).  

For the retrospective analysis of work absenteeism for pneumonia and bronchitis, data were taken 
from medical files for three groups of workers: those ferroalloy workers with direct manganese 
exposure (Group 1); those without direct manganese exposure, including some workers from the 
ferroalloy plant and electrode plant workers, (Group 2); and aluminium processing workers (light 
metal workers), as controls (Group 3). The results were analysed for two time periods, 1959–1971 and 
1972–1975, although the two periods are not directly comparable owing to some changes in the way 
workers were allocated between Groups 1 and 2.  

From data taken from 1971, employment duration ranged from less than 5 to more than 20 years in all 
three groups (no specific range or mean given). There were 329 workers in Group 1, 912 workers in 
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Group 2 and 1191 workers in Group 3. In this time period, sinter workers were allocated to Group 2, 
whereas in the later time period of the analysis they were allocated to Group 1. In 1959–1971, the 
percentage of workers with pneumonia was significantly higher in Group 1 than in Group 2. For acute 
and not specifically defined bronchitis there was a significantly higher percentage of affected workers 
in Groups 1 and 2 than in Group 3. For chronic bronchitis, there was a significantly higher percentage 
of affected workers in Group 1 than in both the other groups. There were significantly more absences 
in this time period due to pneumonia and bronchitis (all forms) in Group 1 workers than in either of 
the other groups. In electrode workers there were significantly more absences due to bronchitis in 
Group 2 than in Group 3. 

For the period 1972–1975, the duration of employment for Group 1 and 2 workers was again less than 
5 to more than 20 years. No data were given on employment duration for Group 3 workers. There 
were 439 workers (including sinter workers) in Group 1, 575 workers in Group 2 and 1265 in 
Group 3. Results were very different in this timespan. There were no significant differences in the 
percentages of workers with pneumonia between the three groups. A significantly higher percentage 
of workers in Group 3 had acute and not specifically defined bronchitis than was the case in the other 
two groups. The authors speculated that this may have been due to a new plant with a new process 
becoming operational in 1974 at the light metal plant. However, significantly more workers were 
affected by chronic bronchitis in Groups 1 and 2 than in the Group 3. 

This section of the study had a large sample size and also used data from a long time frame. The 
results are ambiguous in some respects but seem to point to a significantly higher proportion of 
respiratory disease in the Group 1 workers whose manganese exposure would have been the highest 
of the three groups, in 1959–1971. During this period there appeared to be an increase in the incidence 
of bronchitis (all forms) in Groups 1 and 2, with an apparent drop in the second study period. 
However, in the period 1972–1975, although there was still some indication of a higher rate of 
respiratory morbidity in Group 1 workers, this evidence was weaker (a higher rate of occurrence for 
chronic bronchitis only was seen). However, several factors that could have influenced the results 
were not accounted for, such as smoking habits between the groups, and changes in smoking habits 
over time, although the authors made an assumption that there were no significant differences in 
smoking habits between groups. It was also assumed that differences in absenteeism were not due to 
socioeconomic factors. The exposure data were not sufficient to attribute changes in the differences 
between the groups over time to changes in levels of manganese exposure. There is also a possibility 
that the reclassification of sinter workers between Groups 2 and 1 may have influenced the results. It 
is not made clear why this reclassification was done; it may, for example, have been due to changes in 
working tasks that may have increased manganese exposure. 

The epidemiological survey of respiratory effects, effects on arterial blood pressure and neurological 
effects took place in the same three factories as the previous study. The subjects were 369 manganese 
alloy workers (Group 1), 190 electrode workers (Group 2) and 204 aluminium rolling plant workers 
(light metal plant workers; Group 3). A questionnaire on respiratory symptoms and symptoms of 
manganism was used; clinical investigations included examination of the respiratory system, lung 
function tests and chest X-rays. Workers were further subdivided in each occupational group by 
smoking habits. Finally, reasons for disability retirement within the three groups were analysed and 
compared with the total working population of the town area. Prevalence of phlegm (part day) was 
significantly greater in total (including light, moderate and heavy) smokers than in non-smokers in 
Group 1; this was not seen in the other two groups. Also, the prevalence of regular chest wheezing 
was significantly higher in total smokers than non-smokers in Group 1; again the effect was not seen 
in Groups 2 and 3. Amongst total smokers, there was a significantly higher prevalence of wheezing in 
Group 1 than in Group 2 or 3. In Group 1, the prevalence of chronic bronchitis was significantly 
greater in total, moderate and heavy smokers than in non-smokers. In Group 2 the prevalence of 
chronic bronchitis was significantly higher in moderate smokers, only, than in non-smokers, whilst in 
Group 3 there was no relationship between smoking and prevalence of chronic bronchitis. There was 
a significant increase in prevalence of chronic bronchitis in moderate smokers and total smokers in 
Group 1 compared with Group 3. Overall, FEV, expressed as a mean percentage of expected values, 
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was not different between the three groups. In non-smokers, FEV1 was significantly lower in Group 1 
workers with 10 years or more manganese exposure than in those with less than 10 years’ exposure. 
However, as the authors proposed, an age factor may also have been interacted with exposure duration 
to bias the results; also any workers who had retired owing to respiratory impairment would have 
been excluded. The analysis of disability retirements in 1968–1972 showed that 73.5% of retirements 
for Group 1 and 2 workers, combined, were due to chronic obstructive lung disease, compared with 
51.2% of Group 3 workers and 26.5% of the total town workers. The authors stated that the difference 
was significant (no p value quoted) and supported the view that manganese exposure may have been a 
factor in the development of chronic obstructive lung disease. 

Cardiovascular effects 

Hobbesland and colleagues also studied mortality due to sudden death and cardiovascular disease in 
the same Norwegian ferroalloy plants described above, using similar protocols (Hobbesland et al., 
1997b). The specific causes of death considered in the study were ischaemic heart disease, 
cerebrovascular disease, hypertensive disease, renal diseases and sudden death. In the group of 
3086 furnace and 3119 non-furnace ferromanganese/silicomanganese workers, there were no 
significant differences between numbers of observed and expected deaths in any of the categories, 
among workers employed for less than 3 years. Among such workers with 3 or more years of 
employment, there were significant increases in SMR from cerebrovascular disease and sudden death 
(a specific ICD code) in furnace workers, and from hypertensive disease in non-furnace workers. 
Increased mortality from sudden death also occurred among ferroalloy plant furnace workers with 
similar duration of employment but no exposure to manganese; however, there was no increase in 
cerebrovascular mortality in this group. Neither was there any significant increase in hypertensive 
mortality among non-furnace workers with no manganese exposure. Mortality from sudden death 
among ferromanganese/silicomanganese furnace workers was significantly increased for both active 
person time and inactive person-time (i.e. person time passing after the period of active person time); 
a similar increase was also seen in inactive person time for furnace workers with no manganese 
exposure. The influence of smoking, alcohol consumption and elevated blood pressure, which are all 
risk factors for sudden death, could not be evaluated within this study. The increasing mortality from 
hypertension-related diseases with increasing duration of work, associated with furnace work, may 
have been related to factors such as heat, stress, shift work, noise and exposure to carbon monoxide, 
as it occurred irrespective of manganese exposure. Although this study was large and well executed, 
its conclusions can only be considered in a broad sense as many other factors, both occupational and 
non-occupational, may have affected the causes of death mentioned. It is therefore not possible to 
identify the influence, if any, of manganese exposure or to quantify it in any way. 

An investigation of arterial blood pressure, which was conducted as part of the epidemiological 
survey among workers in a ferromanganese alloy plant in a Yugoslavian town, described above, 
appears to have been reported by both EPA (1978) and Saric and Hrustic (1975). As reported by EPA 
(1978), mean systolic blood pressure was significantly lower in manganese alloy workers (Group 1) 
than in aluminium rolling plant workers (Group 3). This was the case both in the overall group and for 
three age groups of workers, 20–29, 30–39 and 40–49 years. The mean systolic blood pressure in 
Group 1 was also lower than that in electrode workers (Group 2). In Group 2 workers, mean systolic 
blood pressure was significantly lower than in Group 3 workers, both for the age group 20–29 years 
and overall. However, there were no multiple regression analyses to account for age, smoking or other 
factors. Diastolic blood pressure did not follow this pattern, with the lowest mean being seen in Group 
3, which had the lowest manganese exposure. When workers with hypertension were excluded from 
the study, leaving the total number of subjects as 191 out of 369 in Group 1, 102 out of 190 in Group 
2 and 132 out of 204 in Group 3, the mean systolic blood pressure was significantly lower in Group 1 
than in Groups 2 and 3, and significantly lower in Group 2 than Group 3. For diastolic blood pressure, 
the highest mean was seen in Group 2 and the lowest in Group 3. This study provides some good 
evidence for lower blood pressure in manganese exposed subjects, although any health effects, 
whether positive or negative are unclear. Further analysis would allow for the influence of any other 
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factors affecting blood pressure. As a mechanism for this effect, the authors proposed a direct effect 
of manganese on the myocardium. 

Saric and Hrustic (1975) reported essentially the same results. Average blood pressure levels in 
mmHg reported were as follows: among 367 manganese exposed workers, systolic 139.8, diastolic 
95.1; among 189 essentially non-manganese exposed electrode workers in the ferroalloy plant levels 
(mean manganese 0.002–0.30 mg/m3), systolic 142.6, diastolic BP 96.8; and among 203 aluminium 
rolling mill workers who were not manganese exposed (annual mean outdoor manganese level 
0.00007 mg/m3), systolic 147.9, diastolic, 91.4. Thus, like EPA (1978), Saric and Hrustic (1975) also 
reported an association between manganese exposure and lower systolic blood pressure. Saric and 
Hrustic reported that the differences in mean systolic blood pressure between all three groups were 
significant, and that, while the differences in mean diastolic blood pressure between the ferroalloy 
workers and the rolling mill workers and between the electrode workers and the rolling mill workers 
were significant, the difference between the ferroalloy workers and the electrode workers was not. 
This paper also did not include multiple regression analyses to investigate statistically other variables, 
such as age, weight or smoking, that might have impacted on blood pressure. Mean values for age and 
weight were similar across the three groups; however, the percentages of smokers, past smokers and 
non-smokers did vary. Although the concept that manganese may have an effect on systolic blood is 
supported by investigations among this group of workers, further studies, which should include 
measures to take account of potential confounding factors, are needed to confirm or refute this. 

Biochemical parameters 

An Italian study investigated the effects of manganese on the secretion processes of some enzymes 
(glycohydrolases) of lysosomal origin (Bairati et al., 1997). The exposed group comprised 36 workers 
from a plant producing ferromanganese and silicomanganese alloys. In the exposed workers, the mean 
blood manganese level was 12.15 µg/ℓ, range 4.97–30.9 µg/ℓ (cited as 0.22 µmol/ℓ, range  
0.09–0.56 µmol/ℓ). The control group included 22 subjects suspected of work-related diseases with no 
heavy metal exposure (mean manganese blood 7.072 µg/ℓ; cited as 0.128 µmol/ℓ, standard deviation 
± 0.018 µmol/ℓ; no range stated). In exposed workers, the plasma concentration of α-D-galactosidase 
was significantly lower than in controls. The plasma concentrations of β-D-glucuronidase and  
N-acetyl-β-D-glucosaminidase were also lower in exposed workers than in controls, but not 
significantly so. The authors proposed that lysosomal enzymes could behave as biomarkers for 
subclinical changes that may later lead to clinical disease. (However, no detail on the specific 
conditions for which these enzymes may act as biomarkers was provided.) 

In a study discussed in greater detail in Section 7.2.5.2 on neurotoxic effects among workers at Italian 
alloy plants, erythropoietic parameters (red blood cell count, haemoglobin, haematocrit, mean 
corpuscular volume, mean corpuscular haemoglobin and mean corpuscular haemaglobin 
concentration) did not differ significantly between controls and exposed workers and were within 
normal ranges. However, white blood cell counts, attributed to a greater number of neutrophils and 
lymphocytes, were higher in the manganese-exposed group. Significant but independent effects of 
both smoking and manganese exposure were seen on levels of circulating white blood cells. Overall 
manganese concentrations in total dust ranged from 0.026–0.75 mg/m3 (geometric mean (GM), 
0.193 mg/m3); further details on exposure are given in Section 6.1.2.2 (Lucchini et al., 1997) 

7.2.3.3 Chemical production 
The most comprehensive series of neurobehavioural studies of workers exposed to inorganic 
manganese has been carried out, in Belgium, by Roels and colleagues. A cross-sectional 
epidemiological survey among workers exposed to manganese in a manganese oxide and salt 
producing plant considered effects on the lungs, the CNS and some biological indices  
(Roels et al., 1985, 1987a,b). A total of 141 male subjects exposed to manganese was investigated 
compared with a control group of 104 male workers from a nearby chemical plant. The exposed group 
constituted approximately 94% of the plant workforce. Exposed and control groups were matched for 
socioeconomic status, educational level, workload and workshift characteristics; however, controls 
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were significantly older than exposed subjects (on average 4 years older). The mean period of 
exposure was 7.1 years, with a range of 1 to 19 years. Details of exposure levels are given in Section 
6.1.2.3. The overall mean time-weighted average concentration of total dust manganese during the 
survey was 1.33 mg/m3.  

From a questionnaire of respiratory symptoms, manganese exposed workers reported certain 
symptoms more frequently than did non-exposed controls; the increase was statistically significant in 
the cohort of smokers but not among non-smokers. In spirometric tests, looking at the prevalence of 
results below 80% of the predicted values, statistically significant results were only found between 
control smokers and manganese exposed smokers for FVC; effects of borderline significance were 
found for FEV1 and peak expiratory flow rate (PEFR). There was no synergistic effect between 
manganese exposure and smoking on spirometric parameters. No dose–response relationship between 
manganese in blood or urine or duration of exposure and the prevalence of abnormal spirometry 
results could be found. A statistically significant increase in white blood cells was found in 
manganese exposed workers, mainly owing to an increase in neutrophils. On analysis, significant but 
independent effects of both smoking and manganese exposure on number of circulating white blood 
cells were seen. Statistically significant increases in serum ceruloplasmin, copper, ferritin and calcium 
were found in manganese exposed workers. The level of blood serotonin and the activity of 
monoamine oxidase in platelet-rich plasma were not significantly different between the control and 
manganese exposed workers. Renal parameters were not altered by manganese exposure. 

This was a large and well-conducted study. The data on the lack of evidence for a renal toxic effect of 
manganese appear to be well founded.  

7.2.3.4 Fabrication (including welding) 
A study comparing 209 male welders and 109 non-welder controls in a shipyard in Sunderland, UK, 
investigated respiratory function and included a consideration of whether manganese exposure could 
affect it in any way (Akbar-Khanzadeh, 1993). Respiratory function measurements were performed 
twice daily, before and after work. Welders were exposed to fumes containing a mean manganese 
concentration of 0.140 mg/m3. Fumes also contained zinc oxide, iron (III) oxide, magnesium oxide, 
copper, carbon monoxide, nitrogen dioxide and nitrogen monoxide. On average, the lung function 
indices in both welders and controls decreased from morning through afternoon. The welders 
demonstrated more reduction in the indices than the control group. There was no obvious and 
statistically significant correlation between diurnal variations in lung function and daily inhalation of 
tobacco or fumes and gases including manganese. Manganese apparently increased the value of FEV1, 
when analysed using simple regression analysis (the authors did not offer any explanation as to how 
this might occur). Further analysis of the results suggested that manganese, along with copper, zinc 
oxide and nitrogen dioxide, had more effects than other pollutants on the reduction of lung function 
during the day. However, overall the data provided little evidence that there was an association 
between acute changes in lung function and concentrations of atmospheric pollutants. This study used 
a large sample size, but its main focus was on diurnal variation of lung function tests in welders, not 
specifically on the effects of manganese exposure on lung function. There is some evidence that 
manganese may exert an acute effect on respiratory performance when inhaled, but this evidence 
appears very weak.  

In a Polish study of shipyard welders (Halatek et al., 2000), described in more detail in Section 
6.2.5.2, two subpopulations of shipboard welders were selected on the basis of different exposure 
regimes. Group 1A comprised 11 welders working on deck with low manganese exposure (<1 mg/m3) 
and mean duration of employment 10 years, and Group 1B, eight welders working in the double 
bottom of the ship with high exposure (>1 mg/m3) and mean duration of employment 19 years. Lung 
function examination showed decreased lung function compared to controls in Groups 1A and 1B 
(vital capacity significantly reduced in Group 1B compared with controls, non-significantly reduced 
in Group 1A).  
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It should be noted that in the welding environment there are several other factors that may also have 
an acute effect on respiratory function; it is thus difficult to attribute any observed effects to 
manganese exposure, specifically. 

7.2.3.5 Battery manufacture 
In a study from Belgian authors (Roels et al., 1992), focusing on respiratory effects, 92 workers 
exposed to manganese dioxide dust in a dry alkaline battery factory were investigated alongside a 
control group of 101 workers with no occupational manganese exposure. All subjects were male and 
the two groups were matched in terms of age, socioeconomic status, geographical location, workshift 
and workload characteristics and lifestyle factors, such as smoking and alcohol consumption. A slight 
difference in educational status was observed owing to the fact that more of the control group had a 
technical degree. The exposed workers had been exposed for 5.3 years on average (range  
0.2–17.7 years). The exposure range for total dust was 0.05 to 10.84 mg/m3 (GM, 0.95 mg/m3). The 
exposure range for respirable dust was 0.02–1.32 mg/m3 (GM, 0.22 mg/m3). Further details on 
exposure assessment are given in Section 6.1.2.7. A questionnaire on respiratory symptoms showed 
no statistical difference in prevalence of reported symptoms between the manganese exposed and 
control groups, looking at smokers and non-smokers, both separately and combined. No statistically 
significant effect of manganese exposure on spirometric parameters was seen, when analysed 
alongside smoking effects, using two-way analysis of variance. The prevalence of spirometric values 
below 80% of predicted values was not significantly different between both groups. This is a well-
conducted study, providing convincing evidence for the lack of any influence of manganese on 
respiratory parameters. Haematological parameters were also investigated. All haematological 
measurements (the precise measurements performed were not stated) were within normal ranges for 
both control and exposed workers. However, red blood cells, haemoglobin, mean corpuscular volume, 
mean corpuscular haemoglobin concentration and serum iron concentration showed a consistent and 
statistically significant trend towards lower values in manganese exposed workers. The concentrations 
of other serum constituents, such as calcium, were not significantly different between the groups. 

7.2.3.6 Other occupational sectors  
A study from Bulgarian authors (Nikolova & Kavaldzhieva, 1991) investigated workers, with no 
clinical signs of toxicity, exposed to manganese for a mean duration of 7 years (number of subjects, 
nature of work and manganese exposure levels not specified). Levels of adenosine triphosphate, 
adenosine diphosphate and adenosine monophosphate in red blood cells were significantly elevated in 
comparison with those in controls (25 age and sex matched subjects with no occupational hazard 
exposures). Concentrations of inorganic phosphorous in red blood cells in manganese exposed 
subjects were also significantly elevated. The authors considered that the results indicated that 
metabolic processes became more intensive in the exposed workers, even without clinical 
manifestations.  

7.2.3.7 Non-occupational exposure 
A community based study of the incidence of certain respiratory diseases was carried out as part of a 
larger investigation, including occupational studies (see Sections 7.2.3.2 and 7.2.5.2), centred on a 
town in Yugoslavia with a ferroalloy plant (EPA, 1978). In this section of the study, a comparison 
was made between the incidences of acute bronchitis, peribronchities and pneumonia in three 
different zones of the town, Zone 1 being the closest to the ferroalloy factory, Zone 3 being the 
furthest from the factory. Some indications of higher incidence of acute bronchitis and peribronchitis 
in the two zones closest to the plant were seen in comparison to the zone furthest from the plant. 
However, results were inconsistent and incidences of disease were sometimes higher in Zone 2 than in 
Zone 1, where the air manganese concentration was usually the highest. The authors pointed out that 
the concentration of manganese in air was, on occasion, higher in Zone 2 than Zone 1, but no formal 
analysis of incidence of disease and manganese levels in air was presented. No clear correlation 
between incidence of pneumonia and distance from the ferroalloy plant was observed. Owing to both 
the number of potential confounders that might have affected the disease incidence and the inconstant 
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findings, the study adds little information on the potential effects of manganese exposure in a 
community setting. 

A further section of the EPA report of 1978 involved a community-based survey focused mainly on 
children within the town containing the ferroalloy plant. The children were approximately 8–9 years 
of age. There was some indication of increased incidence of respiratory morbidity in the town with the 
ferroalloy plant; however, there were no consistent findings in relation to the distance from the plant 
within the town. Owing to the number of potential confounding factors it is impossible to make any 
connection, using the data from this paper, between manganese exposure and acute respiratory disease 
in a community setting.  

7.2.3.8 Synopsis on general toxicity in humans following repeated exposure 
Studies are summarised in Table 7.8.  

Respiratory effects have been investigated by several authors, using both subjective respiratory 
symptoms and lung function tests as endpoints. Roels et al, (1987a) found some evidence to 
support an adverse effect of manganese exposure on both subjective respiratory symptoms and 
lung function, among workers at a Belgian chemical plant. The large study by the EPA (1978), 
among alloy workers in the former Yugoslavia, also found some indication of an influence of 
manganese exposure on respiratory symptoms and lung function. The Asian study by Boojar 
and Goodarzi (2002) put forward some evidence for an adverse effect of manganese exposure on 
subjective respiratory symptoms and lung function and also indicated a synergistic effect of 
smoking in combination with manganese exposure. However, potentially important 
confounders, such as dust or silica, which would probably have also been present in a general 
mining environment, were not considered, and the study does not strongly support a specific 
association between respiratory impacts and manganese exposure. Similarly, while the 
epidemiological surveys by Hobbesland et al. (Hobbesland et al., 1996; 1997a), among alloy 
workers in Norway, provided some evidence for increased respiratory mortality in certain 
groups of manganese workers, the study cannot, in itself, attribute a causal association to 
manganese exposure, nor does it supply any reliable exposure data. Thus, for a variety of 
reasons, while some studies have resulted in positive findings, not all studies have been able 
reliably to ascribe any respiratory effects observed to manganese exposure. Furthermore, a 
large and well-conducted Belgian study by Roels et al. (1992), among battery workers, showed 
no influence of long-term exposure to manganese on either reported respiratory symptoms or 
lung function. It is interesting to contrast the two studies by Roels et al. (1987a, 1992). The 
earlier study in a chemical plant found evidence for an adverse effect of manganese on the 
respiratory system, which was not found in the later study in a battery plant. There may of 
course be substantial differences in the forms of manganese to which the workers were exposed, 
as well as other confounding factors that may have influenced the results in one or both studies. 

Two reports, both based in a town in the former Yugoslavia, have linked occupational exposure 
to manganese with reduced systolic blood pressure (Saric & Hrustic, 1975; EPA, 1978). Other 
studies have indicated that manganese may elicit haematological or biochemical changes (Roels 
et al., 1987a; Lucchini et al., 1997).  

Taking available studies together, there appears to be some data to support the view that 
adverse respiratory effects may follow occupational manganese exposure, under certain 
circumstances. 

7.2.4 Immunotoxicity 
This section comprises studies on immunotoxicity, including sensitisation. No study was identified 
that reported immunotoxicity following exposure in the mining, chemical production, steel 
production, other metal smelting processes, battery manufacture or agricultural products sectors. 
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Elevated white blood cell counts were observed among workers exposed in production of alloys 
(Lucchini et al., 1997; see Sections 7.2.3.2 and 7.2.5.2). 

7.2.4.1 Fabrication (including welding) 
An immunological study of 74 healthy male welders was performed in Bulgaria. Welders were found 
to have decreased levels of immunoglobulin G (IgG; an antibody with a major role in extracellular 
immune defence), compared with controls (healthy males, not employed as welders), whereas there 
were no differences in the levels of two other antibodies, IgA and IgM. Manganese concentrations in 
the working environments varied between 0.29–0.64 mg/m3. Cell-mediated immune deficiency was 
seen in 21.6% of welders, compared with 6.6% of controls. The authors speculated that manganese 
exposure was the major noxious agent within the working environment, although they conceded that a 
complex mix of factors, including vibration and noise, may have accounted for the effect 
(Boshnakova et al., 1989). 

7.2.4.2 Pigment, paint and glass making 
In a study involving 126 enamellers and 64 decorators (119 females and 71 males) from five factories 
in Italy, 22 had dermatitis, and 44 people had experienced skin lesions in the past. A total of 
48 workers were sensitised to one or more of the various substances to which they were exposed. Two 
subjects (one enameller and one decorator) showed a positive patch test response to manganese 
dioxide (Motolese et al., 1993). 

7.2.4.3 Synopsis on immunotoxicity in humans 
There are few data on the immunotoxic effects of manganese. Further larger and more detailed 
studies are required in this area to allow any firm conclusions to be drawn. 

7.2.5 Neurotoxic effects 
This section includes details of studies that have considered the human neurotoxic effects of 
manganese exposure. Neurotoxic effects may be studied in terms of symptom reporting, clinical 
examination for neurological signs or by specific investigations such as electroencephalography 
(EEG), evoked potentials, or tests for postural sway. In addition some studies have included as 
endpoints the concentrations of hormones produced by the anterior pituitary gland of the brain, such 
as prolactin or follicle stimulating hormone. A variety of study types is included, ranging from single 
cases or case series to larger epidemiological investigations. Since the more severe neurological 
effects of manganese exposure have been well documented, the main function of this subsection is not 
to determine whether manganese exposure has neurological effects but to consider the less severe 
effects that may be associated with levels of exposure occurring in the workplace. Some of these 
effects have been termed ‘subclinical’, implying that they can occur in otherwise asymptomatic 
individuals and may represent early indicators of manganism. The nature of these effects, the 
exposure levels at which they may occur and their potential for progression or reversibility are 
therefore of particular interest. The most common method of investigation of subclinical effects is 
neurobehavioural investigation. Some reservations have been expressed about the use of 
neurobehavioural methods in epidemiological research, primarily in relation to determining the 
biological significance of any identified effect. For the majority of tests used in neurobehavioural 
investigations there are no population norms and it is difficult, therefore, to specify a level of 
performance that might be considered ‘abnormal’ or to quantify the size of any identified decrement 
relative to that which might be expected to occur as a result of normal aging. Thus the identification 
of an adverse effect depends on the establishment of a statistically significant difference between the 
performance of the exposed group and a well-matched control group.  
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Table 7.8 Summary of key studies for general toxicity following repeat exposure 

Study description 
 

Study population Exposure data 
Air mg/m3  
(unless otherwise 
stated) 
Range (CT) 

Comments 

Mining    
Boojar and Goodarzi 
(2002)  
Asia 

 
145 Mineworkers (S1) 
145 Mineworkers (S2) 
145 Mineworkers (S3) 

Respirable 
(27.6)a 
(38.1)a 
(43.3)a 

Longitudinal study on 3 temporal stages (S1, S2 and S3). At S2 and S3, 
respiratory impairment significantly greater in exposed workers than controls. 
Among Mn exposed workers, respiratory impairment increased in S2 and S3 
compared with S1. Among Mn exposed workers significant decrease in 
pulmonary function in smokers compared with non-smokers at S2 and S3. 
Large sample size, well-conducted. However, potentially important 
confounders not controlled for, thus any conclusion that adverse respiratory 
effects seen were caused by Mn exposure should be viewed with caution. 

Chandra et al. (1974)  
Asia (India) 

12 Symptomatic workers 
 
‛mild’ (3 subjects) 
‛moderate’ (8 subjects) 
‛severe’ (1 subject) 

20 ‘Healthy volunteers’ 

No data on MnA  
MnB µg/ℓ 
(68.5)a 
(41)a 
75 
(35.2)a 

Mean serum calcium significantly increased in subjects with ‘mild’ and 
‘moderate’ toxicity and increased in the subject with severe poisoning. Mean 
serum adenosine deaminase significantly increased in subjects with 
‘moderate’ poisoning and increased in the subject with severe poisoning. 
Authors suggest serum calcium levels may be useful biomarker for Mn 
toxicity. 

Production of alloys    
Respiratory effects    
Hobbesland et al. 
(1996) 
Europe (Norway) 

3086 Mn exposed furnace workers in 
4 FeMn/SiMn plants 
SMRs based on 5-year age-specific 
mortality rates for total Norwegian 
male population 

No exposure data Historical cohort study. For FeMn and SiMn furnace workers with <3 years’ 
work duration, excess deaths for diseases of the respiratory system, accidents, 
poisoning and violence and alcohol intoxication. For equivalent workers with 
>3 years’ work duration, excess deaths for accidents, poisoning and violence 
only. Possible confounders (e.g. smoking), plus exposure to other 
occupational hazards, thus difficult to attribute any health effects to Mn 
exposure specifically. 

Hobbesland et al. 
(1997a)  
Europe (Norway) 

6275 Mn exposed workers, including
3086 short-term (<3 years) furnace 
workers, from 4 FeMn/SiMn plants 
SMRs based on 5-year age-specific 
mortality rates for total Norwegian 
male population 

No relevant exposure data 
(some MnA values for 
one plant only) 

Historical cohort study. Mortality for all non-malignant respiratory disease not 
elevated for workers at FeMn/SiMn plants. Excess deaths from bronchitis, 
emphysema and asthma combined in short-term furnace workers. Smoking 
may have been a confounding factor. Some evidence for increased respiratory 
mortality in some Mn exposed workers, but exposure data lacking. 
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Study description 
 

Study population Exposure data 
Air mg/m3  
(unless otherwise 
stated) 
Range (CT) 

Comments 

EPA (1978) 
Europe  
(former Yugoslavia) 

Study 1 
 
1959–1971 
Group 1: 329 direct Mn exposure 
Group 2: 912 no direct Mn exposure 
(inc. electrode plant and ferroalloy 
plant)  
Group 3: 1191 aluminium processing 
plant 
1972–1975 (some workers 
reclassified; 2 periods not directly 
comparable) 
Group 1: 439 
Group 2: 575 
Group 3 1265 
 
Study 2 
Group 1: 369 Mn alloy workers 
Group 2: 190 electrode workers 
Group 3: 204 aluminium rolling plant 
workers 

April 1972 
(0.301–20.442)a variety of 
occupations 

Study 1. Retrospective analysis for absenteeism for pneumonia, bronchitis, in 
2 time periods, 1959–1971, 1972–1975. 
1959–1971 
Significantly more absences for pneumonia and bronchitis in Group 1 workers 
than in both other groups. 
 
 
 
 
1972–1975 
Significantly more affected workers with chronic bronchitis in Groups 1 and 2 
than Group 3. No significant differences between groups for pneumonia; 
significantly more bronchitis (acute and not specifically defined) in Group 3 
than other two groups (however changes during study period may have 
affected this). 
 
Study 2. Epidemiological survey of Mn exposure and respiratory effects, 
effects on arterial BP, reasons for disability retirement. Prevalence of phlegm 
(part day) and regular chest wheezing significantly greater in total smokers 
than non-smokers in Group 1, not seen in other groups. Among smokers, 
significantly higher prevalence of wheezing in Group 1 than Groups 2 and 3. 
Results descriptive rather than analytical, do not provide any basis for firm 
conclusions on Mn exposure and respiratory effects. 1968–1972, 73.5% of 
retirement Groups 1 and 2, combined, resulting from chronic obstructive lung 
disease, vs 51% in Group 3 and 26.5% for total town workers. Mean systolic 
BP lower Group 1 than Groups 2 and 3. 

Cardiovascular effects    
Hobbesland et al. 
(1997b) 
Europe (Norway) 

6205 FeMn/SiMn workers 
 3086 furnace workers 
 3110 non furnace workers 
SMRs based on 5-year age-specific 
mortality rates for total Norwegian 
male population 

No exposure data Historical cohort study. In workers with 3 or more years’ employment, 
significant increases in SMR from cerebrovascular disease and sudden death 
in furnace workers, and from hypertensive disease in non-furnace workers. 
Lack of exposure data, and inability to separate Mn exposure from other 
factors limits usefulness of study. 
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Study description 
 

Study population Exposure data 
Air mg/m3  
(unless otherwise 
stated) 
Range (CT) 

Comments 

Saric and Hrustic (1975) 
Europe  
(former Yugoslavia) 
(appears to use same 
dataset as EPA, 1978) 

367 Ferroalloy workers 
189 Electrode workers 
203 Aluminium plant workers 

(0.39–20.44)a Lowest mean systolic BP in ferroalloy workers, next highest mean in 
electrode workers and highest in aluminium workers. Diastolic BP did not 
follow this pattern. No indications of adverse or positive health effect due to 
this association. Range of Mn exposure very wide, hence difficult to assess 
exposure level at which there may be effect of Mn on systolic BP. 

Biochemical parameters   
Bairati et al. (1997) 
Europe (Italy) 

 
36 Exposed 
22 Controls 
(suspected of work-related diseases 
not including heavy metal exposure) 

MnB µg/ℓ 
4.97–30.9 (12.15)a 
(7.07)a 

Differences in concentrations of 3 lysosomal enzymes between the 2 groups, 1 
difference significant. 

Lucchini et al. (1997) 
Europe (Italy) 

35 Exposed 
37 Non-exposed workers 

0.026–0.750 (0.193)b Erythropoietic parameters did not differ significantly between controls and 
exposed workers and were within normal ranges. However, WBC counts 
higher (greater number of neutrophils and lymphocytes) in Mn exposed 
group. 

Chemical production    
Roels et al. (1987a) 
Europe (Belgium) 

 
141 Exposed 
104 Controls 
(chemical plant workers) 

Total 
0.07–8.61 
(1.33)a 

Statistically significant increase in WBCs and some other serum constituents. 
No alteration of renal parameters. Exposed workers reported certain 
respiratory symptoms more frequently than non-exposed controls, to a 
statistically significant degree in cohort of smokers, and non-significant 
degree in the cohort of non-smokers. Statistically significant effect of Mn 
exposure for FVC, borderline significant for FEV1 and PEFR. For prevalence 
of spirometric results below 80% of the predicted values, statistically 
significant results only found between control smokers and Mn exposed 
smokers for FVC, FEV1 and PEFR. Well-conducted study with some 
indication of adverse effect of Mn exposure on respiratory system. 

Fabrication (including welding)   
Akbar-Khanzadeh 
(1993) 
Europe (UK) 

209 Exposed (welders) 
109 Non-welder controls (other 
occupational groups) 

(0.140)a fume 
Welders exposed to a 
variety of fumes and 
gases, including carbon 
monoxide. 

Welders showed more reduction in lung function parameters than non-
welders, comparing before and after work. Regression analysis indicated that 
Mn exposure increased FEV1. Little evidence for association between 
concentrations of atmospheric pollutants and acute effect on lung function. 
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Study description 
 

Study population Exposure data 
Air mg/m3  
(unless otherwise 
stated) 
Range (CT) 

Comments 

Halatek et al. (2000) 
Europe (Poland) 

11 Ship deck welders 
(Group 1A) 
8 Welders bottom of ship 
(Group 1B) 
19 Non-welders (controls)  

<1 
 
>1 
 
(0.002)a (some concerns 
about correctness of 
figures) 

Lung vital capacity results lower in both Group 1A and 1B than in controls. 
Difference in vital capacity statistically significant between Group 1B and 
controls. 

Battery manufacture    
Roels et al. (1992) 
Europe (Belgium) 

 
92 Exposed 
101 Age-matched worker controls 

Respirable 
0.021–1.317 (0.215)b 

No significant differences between the 2 groups in respiratory symptoms or 
lung function parameters. All haematological parameters within normal 
ranges for both groups. However, RBCs, Hb, MCV, MCHC and serum iron 
concentration showed a consistent and statistically significant trend towards 
lower values in Mn exposed workers. 

Other occupational sectors  
Nikolova and 
Kavaldzhieva (1991) 
Europe (Belgium) 

Exposed workers (numbers not 
stated) 
25 Controls, age and sex matched, 
with no occupational exposures 

No exposure data or 
indication of nature of Mn 
exposure 

Levels of ATP, ADP, AMP and inorganic phosphorus in RBCs significantly 
elevated in exposed vs controls. 

a arithmetic mean; b geometric mean 
ADP, adenosine diphosphate; AMP, adenosine monophosphate; ATP, adenosine triphosphate; BP, blood pressure; CT, central tendency; EPA, Environmental Protection Agency; 
FeMn, ferromanganese; FEV1, Forced expiratory volume in 1 second; FVC, forced vital capacity; Hb, haemoglobin; Ht, haematocrit; MCHC, mean corpuscular haemoglobin concentration;  
MCV, mean cell volume; Mn, manganese; MnA, manganese in air; MnB, manganese in blood; PEFR, peak expiratory flow rate; SiMn, silicomanganese; SMR, standardised mortality ratio;  
RBC, red blood cell; WBC, white blood cell 
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However, notwithstanding these reservations, neurobehavioural tests have some distinct advantages in 
the present context. Firstly they are argued to provide sensitive measures of subtle changes in 
performance, which may occur in advance of overt neurological signs and symptoms. A large number 
of different tests are available for use in this type of investigation, covering diverse aspects of 
functioning such as visual motor skills, memory and learning, attentional control and information 
processing. While this can present a problem in cases where no prior hypothesis exists as to the 
particular nature of the expected functional impairment, the more severe effects of manganism have 
been well documented and thus provide a guide to test selection. The majority of neurobehavioural 
studies of manganese exposure, therefore, have employed tests of motor skills and, as such, are 
capable of identifying adverse effects that are consistent with manganism and biologically plausible. 
In addition, it should be noted that tests of this nature are less heavily dependent on variables such as 
initial intellectual ability or educational level than are tests that involve more complex information 
processing. The influence of these factors on test results is thus reduced. 

Most neurobehavioural studies in this field are cross-sectional and are therefore susceptible to bias 
from the ‘survivor’ or ‘healthy worker’ effect. While this must be borne in mind, the subtle or 
subclinical nature of the effects under investigation reduces the likelihood that workers will have left 
the workplace because of perceived ill-health. Moreover, the results of some investigations are 
strengthened by the demonstration of dose–response relationships, between estimates of current or 
long-term exposure and neurobehavioural outcomes. Evaluation of neurobehavioural studies in the 
current document has been carried out in accordance with guidelines provided by the European 
Commission Key Document (CEC, 1997). Summary data are provided in Table 7.9 at the end of this 
section.  

7.2.5.1 Mining 
A key study by Myers et al. (2002) appears, to date, to be the only neurobehavioural study involving 
miners. The study was cross-sectional and originally intended as Phase I of a prospective longitudinal 
investigation. The intention was to examine 2000 mineworkers employed by two companies at four 
mines in South Africa. However, the authors reported that owing to retrenchment at one company, 
potential study numbers were considerably reduced. In addition, useful exposure data could only be 
obtained from one company. Therefore, although 800 workers from two companies were examined, 
results are reported for only 489 workers from one company for whom such data were available. Mean 
length of service in manganese mines for 486 workers was 10.8 years. The arithmetic mean total dust 
manganese concentration in air was 0.21 mg/m3; samples ranged from not detected to 0.99 mg/m3. 
Further details on exposure assessment are given in Section 6.1.2.1. Outcome measures included the 
Q16 symptom questionnaire with additional dummy items as a check for over-reporting, the reaction 
time test from the computer-administered Swedish Performance Evaluation System (SPES), two non-
psychomotor tests from the WHO recommended Neurobehavioural Core Test Battery (WHO-NCTB) 
and three psychomotor tests from the Luria Nebraska battery. The authors reported that test selection 
was based on the results of a previous (currently unpublished) study of manganese exposed smelter 
workers whose exposures were considerably higher than those of the mineworkers. Tests used in that 
study, which identified positive effects, were included in the current study. In the mineworkers, 
performance on most neurobehavioural tests appeared to be equal to or compared favourably with that 
of the smelter workers and their unexposed referents. Analysis of dose–effect relationships showed no 
significant associations between manganese exposure (in air or in blood) and any neurobehavioural 
test score or symptom of neurotoxicity. This was a well-conducted study in terms of control for 
potential confounders and effect modifiers. Manganese exposure in those workers studied appears to 
have been relatively low, which presumably accounts for the negative results. 

The majority of studies of mineworkers have tended to focus on the more severe effects of manganese 
exposure and cases of frank manganism. These studies usually compare cases with controls in terms of 
signs, symptoms or biological effects, or simply report on the number of diagnosed cases in a 
particular workplace. 
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Chandra et al. (1974) conducted clinical and biochemical investigations among workers suspected of 
having manganese poisoning. The workers were 12 male underground drillers in manganese mines in 
India. Duration of exposure to manganese was 4 to 16 years. On the basis of neurological observations 
they were classified as having mild (n = 3), moderate (n = 8) or severe (n = 1) poisoning. The 
symptoms noted included asthenia, muscular pains, mental excitability, sexual symptoms and fatigue, 
in mild poisoning; speech disorders, difficulty walking and tremors, in moderate poisoning; and, 
tremors, ‘cock walk’ gait, spasmodic laughter and mask-like face, in severe poisoning. Abnormalities 
in drawing geometric shapes were seen in six cases of moderate and one of severe poisoning. Mean 
concentrations of manganese in the serum in mild, moderate and severe poisoning were 68.5, 41 and 
75 µg/ℓ respectively, compared to 35.2 µg/ℓ in 20 age-matched ‘healthy’ volunteers. The method of 
recruitment of the volunteers was not stated. There was no correlation between levels of manganese in 
blood and severity of symptoms. Mean serum calcium concentrations were significantly increased in 
subjects with mild and moderate poisoning, and were twofold higher than in the normal volunteers in 
the single case of severe poisoning. Mean serum adenosine deaminase was significantly increased in 
subjects with moderate poisoning, and was threefold higher than controls in the case of severe 
poisoning. Mean values of serum inorganic phosphates, alkaline phosphatase and proteins were not 
significantly different in the mild and moderate groups. No relationship could be found between the 
period of exposure to manganese and severity of poisoning. It was concluded that serum calcium 
levels could be of use in detecting manganese poisoning in the early stages. 

Chronic manganese poisoning in Chilean miners was investigated by Mena et al. (1969). Out of 
114 ‘healthy’ miners, 23 were found to have cogwheel phenomenon, without subjective or objective 
tremor or rigidity. Among 13 patients diagnosed with chronic manganese poisoning, many physical 
symptoms and signs consistent with manganism were reported. EEGs were within normal limits in all 
subjects. However no data on manganese exposure were provided.  

Chilean mine workers who had experienced heavy exposure to manganese dust in mines for more than 
5 years, ending at least 5 years previously (27 in total), were compared with 32 non-exposed miners 
using a battery of motor tests (Hochberg et al., 1996). Twelve of the 32 controls were later classified 
as having ‘intermediate’ exposure, on the basis of having had short-term manganese employment. 
However, since intermediates performed comparably with remaining controls, but not with exposed 
subjects, on most tests, the total control group of 32 subjects was used for statistical analysis of results. 
No specific measurements of manganese concentrations within the mine were made in connection 
with this study, but previous studies indicated manganese concentrations in air of 62.5–250 mg/m3. 
Tests of resting tremor and repetitive hand movements differentiated the two groups; manganese 
exposed miners had consistently higher levels of resting tremor frequency and tremor amplitude. 
Action tremor in this group also occurred to a greater extent than in controls. Impaired target 
acquisition was greater in the exposed group than in controls. This study provides evidence of an 
effect of manganese exposure on motor control, and also indicates that some effects of manganese 
exposure do not reverse quickly on cessation of exposure.  

Manganese poisoning in Chilean miners was also studied by Schuler et al. (1957) who carried out 
clinical examinations on 83 workers. Selection for examination was based on high exposure or 
complaint of symptoms associated with manganese toxicity. Manganese content of the ore being 
mined varied from 40–60%. Environmental (static) samples indicated manganese concentrations in air 
in the range 0.5 to 46.0 mg/m³. A total of 15 workers, nine from the survey and six from later case-
studies, were identified as having typical manganese poisoning. Exposure periods ranged from 
9 months to 16 years, with an average of 8 years and 2 months. Psychomotor symptoms included 
emotional instability, apathy, hallucinations and flight of ideas. Neurological symptoms included 
asthenia, sialorrhea, fatigability, sleep disturbance, muscle pains and disturbance of libido and 
ejaculation. Neurological signs included muscle hypertonia, expressionless face, gait changes, tremor 
of upper and lower extremities, and pyramidal signs. 

A study by Sano et al. (1982), which includes information on manganese mine workers is summarised 
in Section 7.2.5.10. 
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7.2.5.2 Production of manganese metal and metal alloys 
This work sector accounts for the largest number of studies of nervous system effects. Both 
neurological and neurobehavioural studies are represented, together with investigations of biological 
indicators. 

Production of manganese metal 

A key study is that by Gibbs et al. (1999) who studied the neurobehavioural performance of 
75 subjects at a US plant producing electrolytic manganese metal for alloying with aluminium. The 
study included subjects with current (63 subjects) or historical (12 subjects) exposure to manganese. 
Detailed occupational and plant histories, coupled with current exposure monitoring data, were used to 
construct cumulative exposure assessments for each worker in terms of manganese levels in total and 
respirable dust (see also Section 6.1.2.2). Arithmetic mean manganese exposure of 63 current workers 
in the manganese area of the plant averaged 0.066 mg/m3 for respirable and 0.18 mg/m3 for total 
manganese (GM, 0.04 and 0.11, respectively). The exposed workers were compared with a control 
group, drawn from a nearby companion plant, who had no exposure to manganese or other known 
neurotoxicants. The groups were matched in terms of sex, age, pay grade, job type, length of 
employment and whether or not they did shiftwork. There was also no significant difference in use of 
alcohol, tobacco, caffeine or medication, no previously diagnosed neurological disease or head injury 
and no history of solvent exposure. Tests focused on psychomotor skills and included measures of 
hand steadiness, hand-eye co-ordination and motor speed (complex reaction time and finger tapping). 
In addition a questionnaire was used to assess mood and psychiatric symptomatology. The testing 
procedure was standardised, although the tester was not blind to exposure status.  

Results of the study were essentially negative. There were no significant differences in performance 
between the exposed and control groups on any of the neurobehavioural tests and no differences 
between the groups in terms of symptom reporting. Multiple regression analyses, using each of four 
separate measures of exposure (duration, 30 days cumulative exposure, 1 year cumulative exposure 
and cumulative exposure to respirable manganese), showed that none were significant predictors of 
neurobehavioural test performance. The authors noted that exposures in the study were lower than 
those reported in similar investigations that found positive results. For example, the study by Roels et 
al. (1992) in battery workers (see Section 7.2.5.7) reported respirable and total geometric mean dust 
measures of 0.22 and 0.95 mg/m3 (compared with 0.04 and 0.11 mg/m3, respectively, in this study). 
Integrated lifetime exposures in the two studies were more similar, but in the study by Roels et al. 
(1992) exposure had taken place over a shorter period. Overall, the study by Gibbs et al. (1999) was 
carefully conducted and analysed and the results are persuasive. 

The use of postural sway as a potential means of identifying, at an early stage, the adverse 
neurological effects of manganese exposure has also been investigated in a study from Japan (Kaji et 
al., 1993; assumed to be manganese metal production, see Section 6.1.2.2). A total of 66 (65 male and 
one female) workers from a manganese refining plant were examined between 1984 and 1989; 
manganese in blood and urine and an index of postural sway were assessed. Workers in the foundry or 
furnace or who handled products were designated as exposed to manganese; others who worked on 
other tasks were designated as non-exposed. In the first year of the study, there were 54 exposed and 
12 non-exposed subjects. In each subsequent year there were fewer non-exposed than manganese 
exposed subjects and the total number of subjects decreased steadily over the period of the study, with 
variable numbers of subjects undergoing the different investigations each year. It was not clear, 
therefore, whether the same workers were investigated in successive years or whether new workers 
were introduced into the study. No explanation was given for the attrition rate. The mean duration of 
employment in 1984 was 21.4 years. The mean duration of manganese exposure was 22.6 years, with 
a maximum of 37 years. Manganese concentrations in the working environment ranged from 
0.02 to 0.46 mg/m3. Postural sway was measured by means of a static sensograph, on which the 
subject stood for 30 seconds with eyes closed. Horizontal postural sway was measured in terms of the 
total distance of sway over 30 seconds, thus providing a postural sway index in units of cm/30 seconds 
Comparison between the three groups (exposed, non-exposed and healthy referents) produced 
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inconsistent results over the 6 years of the study. An apparently significant effect in the exposed group 
in the early years of the study appeared to be reversed in later years. There were no significant 
correlations between the postural sway index and blood and urinary concentrations of manganese. 
Although the authors suggest that postural sway index could be used to examine manganese exposed 
workers along with other techniques, this conclusion does not appear to be warranted by these data. 

Production of metal alloys 

A study based in Italy (EC, 1997) investigated both neurological and neurobehavioural effects of 
working in the ferroalloy industry. The exposed group comprised workers from three metal foundries 
in Italy. In the largest foundry, there was continuous production of ferromanganese alloys, whilst at 
the other two foundries this was only occasional, the main production being of ferrochrome alloys. 
The foundry that concentrated on production of ferromanganese alloys had the highest levels of 
environmental manganese (AM, 0.414 mg/m3; range, 0.218–1.628 mg/m3). In the other two foundries 
manganese concentrations were much lower (AM, 0.014 mg/m3; range, 0.006–0.040 mg/m3; and AM, 
0.082 mg/m3; range, 0.048–0.115 mg/m3, respectively). 

In the neurological part of the study, 154 male foundry workers were compared with 104 male control 
subjects (workers from the same geographical area with no occupational exposure to metals). For 
those subjects providing a blood sample there was a significantly higher concentration of manganese 
in blood in exposed subjects. Mean manganese blood levels were 10 µg/ℓ (range, 1–74 µg/ℓ; n = 23), 
in exposed workers, and 7 µg/ℓ (range, 3–16 µg/ℓ; n = 27) in controls. The investigations performed 
included neurological examination, with special attention being paid to the extrapyramidal signs listed 
in the Webster scale (a system of rating severity of Parkinson’s disease based on 10 clinical findings). 
Slight accentuation of deep reflexes and extrapyramidal symptoms, particularly tremor, were more 
common in the exposed group, but the increase was not statistically significant. On neurophysiological 
testing (including visual and auditory evoked potentials), the results were largely similar for the two 
groups (131 exposed workers and 88 controls), with nothing to indicate adverse effects of manganese 
exposure. Participants also completed a symptom questionnaire covering neurophysiological 
disorders, gastrointestinal illness and changes to the peripheral nervous system. Exposed subjects 
(n = 151) reported significantly higher rates of ‘gastric complaints’ than controls (n = 98). On 
comparison of a subgroup of 61 workers with direct manganese exposure from the largest plant with 
51 controls (matched for certain parameters such as age and alcohol consumption) no significant 
differences were found regarding neurological examination, the Webster scale and neurophysiological 
tests. Hence, the minor differences found in the comparison of the overall groups were unlikely to be 
related to manganese exposure. In this subgroup of 61 directly exposed workers, the mean manganese 
blood level was 12 µg/ℓ, (range, 5–74 µg/ℓ), in 27 controls the mean was 6.5 µg/ℓ (range, 4–16 µg/ℓ). 
However, within this smaller subgroup of the directly exposed workers, ‘gastric complaints’ were 
again significantly more common, as were symptoms of ‘peripheral sensory neurological disturbance’. 
A further smaller subset of workers, comprising 37 of the directly exposed workers (mean blood 
manganese 14 µg/ℓ; range, 1–74 µg/ℓ), was compared with 37 controls (among 17 subjects, mean 
blood manganese 6.5 µg/ℓ; range, 4–16 µg/ℓ), matched for age, alcohol consumption, education and 
score on the vocabulary test (see below). No significant differences were found between these groups 
on neurophysiological testing, although again, symptoms of gastrointestinal disturbance and 
neurological disturbance were reported more frequently in the exposed than the control group.  

In the neurobehavioural part of this study the exposed (n = 151) and control (n = 98) groups were 
compared in terms of their performance on a battery of tests, which included reaction time, digit span, 
serial digit learning, visual recognition, digit symbol and pursuit aiming. Only the last of these is 
concerned primarily with motor skills. Participants also completed tests of vocabulary and verbal 
fluency and the profile of mood states (POMS; McNair et al., 1971), a rating scale that assesses mood 
lability. No significant differences were observed between the test performance of the exposed and 
control groups except in the vocabulary test. This test is generally thought to provide an assessment of 
pre-morbid ability and would therefore indicate slightly lower initial ability in the exposed group. 
Given this finding, the fact that the exposed group was still able to perform as well as the control 
group tends to strengthen the conclusion that there was no effect of manganese exposure in this study. 
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There were also no significant differences between the groups in terms of mood parameters. 
Comparison of the subgroup of 61 directly exposed workers with 51 controls similarly produced 
negative results, the only significant difference occurring in the vocabulary test. Finally, in the 
comparisons between the subgroup of 37 directly exposed workers and 37 matched controls, there 
were significantly higher levels of depression and fatigue reported in the exposed group but no 
significant differences in any of the neurobehavioural tests. 

At each stage of the analysis (i.e. for each subgroup) multiple regression analysis was carried out to 
investigate the influence of biological monitoring variables on outcome measures, relative to other 
significant factors such as age, educational level, vocabulary and alcohol consumption. The 
manganese blood level was found to be an important predictor variable for the mood parameters of 
lack of vigour, tiredness, confusion and lack of sociability and for the neurobehavioural test score of 
serial digit learning. 

The authors conducted a follow-up study 2 years, later in which they examined 37 subjects (22 from 
the exposed group and 15 from the control group) who had exhibited some ‘abnormal’ findings (not 
specified) at the time of the original study. In addition to the neurophysiological and neurobehavioural 
assessments carried out previously each subject completed finger tapping and an electronic maze test 
to assess the degree of tremor. Neurophysiological and neurobehavioural parameters showed either a 
return to normal levels or confirmed the minor changes noted previously. No case showed a 
deterioration in performance, either in neurological examination or neurobehavioural testing. 
However, there were some differences between the two groups in the tapping (tremor) test, in that 
exposed subjects recorded significantly lower speed and accuracy scores for the non-dominant hand. 
However, the authors noted that the small number of subjects precluded any generalisation from these 
results. No significant difference between the groups was observed in the maze test. Amongst the 
conclusions of this study, it was noted that no diagnosed disease was identified. There were some 
indications of minor toxic effects of manganese exposure occurring in some workers at these exposure 
concentrations although these effects were primarily in the area of self-reported mood changes. It 
should also be noted that a total of 85 parameters were measured in this study, thus creating a high 
probability that some differences between groups would have occurred by chance alone. 

As described in Section 6.1.2.2 a series of studies have been undertaken in Italian alloy plants (e.g. 
Alessio et al., 1989; Lucchini et al., 1995; Mutti et al., 1996; Lucchini et al., 1997, 1999).  

Alessio et al. (1989) looked at the effects of manganese exposure at low concentrations on the 
neuroendocrine system. The exposure group comprised 14 male workers in a foundry producing 
ferromanganese alloys in Italy. The control group comprised 14 male metal workers, not exposed to 
manganese. When compared to controls, there were statistically significant differences in mean values 
for serum prolactin and cortisol, which were higher in the exposed group. Concentrations of 
manganese in air were measured in two different work areas, and ranged from 0.4 to 1.1 mg/m3 in the 
rotary mill area and from 0.05 to 0.9 mg/m3 in the casting furnace area. There were no significant 
differences in serum follicle stimulating hormone and luteinising hormone between the exposed 
workers and controls. However, the authors admitted that their study was limited because of the small 
sample size, and the wide inter- and intra-individual variations in hormone levels, especially for 
cortisol. The exposed group had a significantly higher level of blood alcohol than controls and smoked 
significantly more cigarettes. However, the authors considered that these differences were not 
sufficient to markedly affect the hormones studied. The authors did not offer any suggestions as to any 
potential mechanism associated with their findings.  

To evaluate whether occupational manganese exposure affected basal levels of serum prolactin, a 
cross-sectional study was carried out in 31 manganese exposed workers in the furnace area and 
maintenance area in a ferroalloy plant in Italy (Mutti et al., 1996). The control group comprised 
34 industrial workers not exposed to chemicals or metals. The exposure periods ranged from 5 to 
29 years, with an average of 14.5 years. The median manganese concentrations in air were 
0.460 mg/m3 (range, 0.210–0.980 mg/m3) in the furnace area and 0.200 mg/m3 (range,  
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0.144–0.560 mg/m3) in the maintenance area. The manganese exposed workers showed significantly 
higher mean serum prolactin (GM, 9.77 µg/ℓ) than controls. Serum prolactin was positively correlated 
with both blood and urinary levels of manganese. The study provided evidence that long-term 
manganese exposure may affect pituitary function, increasing serum prolactin, and that adverse 
biological effects of manganese exposure occurred in workers at exposure levels below a threshold 
limit value–time–weighted average of 1 mg/m3.  

Lucchini et al. (1995) undertook a cross-sectional study on 58 male workers with long-term exposure 
to manganese oxides in a ferroalloy plant where workers had been temporarily laid off. The study 
population represented approximately 50% of the workforce since a further 60 declined to participate. 
Subjects were divided into three exposure groups (high, medium and low) on the basis of job type and 
plant monitoring data (see Section 6.1.2.2 for discussion on exposure). The average duration of 
exposure of the workers was 13 years (range, 1–28 years). The groups were found to be similar in 
terms of important confounders and modifiers (age, educational level, smoking and alcohol 
consumption), and all subjects were screened for factors such as existing neurological disease and 
medication. Superior verbal abilities were observed in the low exposure group and this was adjusted 
for in the analysis, as a surrogate measure for pre-morbid IQ. Subjects completed seven tests from the 
computer-administered SPES, namely simple reaction time, finger tapping, digit span, mental 
arithmetic, symbol digit and complex reaction time.  

Comparison of the performance of the three groups revealed significantly poorer performance in the 
high exposure group in respect of mental arithmetic, symbol digit, finger tapping and digit span. 
Dose–effect relationships were demonstrated between blood manganese level and performance, on 
tests of mental arithmetic, symbol-digit, digit span and finger tapping, and between urinary manganese 
and performance on the mental arithmetic test. There was also a significant association between 
performance on the symbol digit test and a cumulative exposure index derived from a product of 
average air levels for job type and years of exposure. There was no relationship between years of 
exposure alone and test performance. 

This was a well-conducted study and the discrepancy between these results and those of the study by 
Roels et al. (1992; Section 7.2.5.7) in respect of the relationship between biological indices and test 
performance requires explanation. The authors suggest that factors relating to the bioavailability of the 
different forms of manganese present in the two studies (manganese dioxide particulate as opposed to 
manganese sulphate and manganese chloride) may be important determinants of how accurately blood 
concentrations reflect manganese body burdens, which in turn is likely to influence dose–effect 
relationships. 

The tests used in this study represented a mixture of those with a heavy visual–motor component and 
those requiring higher level cognitive functioning. Both types appeared to be sensitive to the effects of 
manganese exposure and the results are broadly in agreement with those of other studies although the 
lack of effects on two tests, simple and complex reaction time, is difficult to explain. 

This research group subsequently carried out a more extensive study on a larger group of workers 
from the same plant (Lucchini et al., 1999). The overall manganese concentration ranged from 0.005 
to 1.490 mg/m3 (AM, 0.176 mg/m3) for total dust, and from 0.001 to 0.670 mg/m3 (AM, 0.067 mg/m3) 
for respirable dust. (For further details on manganese exposure see Section 6.1.2.2). From the total 
workforce of 85 workers, 75 agreed to take part; of these, 14 were excluded because of either 
excessive alcohol consumption or regular medication for CNS-related complaints. A control group of 
87 (response rate 72%) workers was recruited from the maintenance department of a local hospital. 
The groups were compared in terms of performance on four tests from the SPES (addition, digit span, 
finger tapping and symbol digit), five tests from the motor scale of the Luria Nebraska 
Neuropsychological Battery, a test of postural tremor, two tests of motor co-ordination and a measure 
of visual contrast sensitivity. In addition, three questionnaires were administered, which assessed (i) 
early symptoms related to manganese exposure, (ii) parkinsonian symptoms and (iii) current mood. 
After control for potential confounders (age, education, smoking, alcohol and coffee consumption, 
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shiftwork and blood lead level) significant differences in performance between the groups were 
observed on tests of tremor and motor functions, and on the neurobehavioural tests of additions and 
digit span. There was no difference between the groups in terms of current mood variables or 
parkinsonian symptoms but the exposed group reported a significantly higher frequency of symptoms 
of irritability and equilibrium loss. A cumulative exposure index was constructed for each subject 
(average airborne manganese concentration in total dust characteristic of each job multiplied by 
number of years in the job) to assess possible dose–effect relationships. A significant association was 
found between cumulative exposure index and performance on the same tests. No associations were 
found between levels of manganese in blood or urine and test results. This was a well-conducted study 
and the results appear to suggest some impairment of motor function and attentional processes in these 
workers as a result of cumulative exposure. The results supported those of the earlier study at this 
plant, carried out 4 years previously by the same authors using some of the same tests (Lucchini et al., 
1995). However, a key finding was that separate analysis of the results of 30 workers who took part in 
both studies showed that the performance of these workers had remained stable during the intervening 
period. Thus, it had not worsened as a result of longer (4 more years) exposure. The authors suggested 
that the effects observed in these workers might have been due to much higher exposures experienced 
prior to 1995 and that the results therefore provided some support for the view that exposure levels of 
less than 0.1 mg/m3 offered protection over the long-term. However, they suggested that further 
follow-up was needed both of the same workers and of other cohorts exposed to low levels over longer 
periods, to confirm this view. It should also be noted that ‘survivor’ effects cannot be discounted here, 
since no information was provided about those who had left the industry between the two studies. 

A cross-sectional study investigated the effects of manganese exposure on 35 male workers from a 
ferroalloy plant in Italy, where workers were exposed to manganese oxides (Lucchini et al., 1997). 
The objective of the study was to examine possible effects of manganese exposure on two parameters, 
namely motor function and olfactory threshold. The workers were exposed for an average of 
14.5 years (range, 5–29 years). The overall manganese concentrations in total dust ranged from 0.026 
to 0.750 mg/m3 (GM, 0.193 mg/m3). Subjects were screened for neurological and neuropsychiatric 
illness and for medication, and testing procedures were well standardised. There was no significant 
difference between the exposed and control groups in terms of olfactory threshold. Dose–effect 
analyses in the exposure group suggested a borderline significant negative association between urinary 
manganese levels and olfactory perception threshold (i.e. increasing urinary manganese was associated 
with reduced olfactory perception threshold: r = 0.31; p = 0.06). This apparent improvement in 
olfactory function seemed to be related to current exposure (urinary rather than blood levels of 
manganese suggesting that it was a ‘short-term’ effect of manganese exposure. The authors proposed 
that this effect might represent an excitatory phase of early manganese intoxication, which might be 
followed by a subsequent impairment of olfactory function.  

Psychomotor function was assessed using the pursuit aiming test from the WHO-NCTB, which 
measures control and precision of hand movements. There was no significant difference between the 
psychomotor performance of exposed and control groups. However, within the exposed group a small 
but significant negative correlation was demonstrated between blood manganese and the aiming test 
score. This was a well-conducted study although subject numbers were small, particularly in terms of 
the ability to demonstrate significant dose–effect relationships. The results provide some tentative 
support for the existence of effects on motor function among workers with moderate levels of 
exposure. 

Camerino et al. (1993) assessed 150 subjects employed in the ferromanganese industry in Italy as part 
of a wider investigation of the prevalence of impaired neurobehavioural performance in workers 
exposed to different neurotoxic substances. The 150 workers in the ferromanganese industry were 
exposed to iron, chromium, lead and zinc as well as manganese. The range of manganese exposure 
was 0.006 to 1.628 mg/m3. However, all exposures to these substances were reported to be below the 
then current threshold limit values. Mean duration of exposure was 11.3 years (range, <1–32 years). 
Using previously obtained values from a referent population the numbers of workers falling below the 
10th and 30th percentile scores on four tests of the Milan Automated Testing System (MANS) were 
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calculated. The MANS is the automated form of the original WHO-NCTB. The four tests included 
were digit-symbol, reaction time, serial digit learning and mood scale. No impaired performance, as 
determined by percentile scores, was found on any test for any of these workers although, as a group, 
they had marginally high mean scores for anger and low sociability on the mood scale. However, it 
was noted that alcohol consumption was extremely high in this group and subsequent comparison with 
groups with similar levels of alcohol consumption showed no significant difference between the 
scores. These results provide some support for the protective value of current occupational exposure 
levels, although it should be noted that, with the possible exception of the reaction time test, no visual 
motor tests or tests of motor co-ordination were included. 

The study from the former Yugoslavia of workers in ferroalloy plants (see also Sections 6.1.2.2 and 
7.2.3.2) found no statistically significant correlation between the measured mean manganese 
concentration at the place of work and incidence of neurological disorders among workers (Saric et 
al., 1977; EPA, 1978; the same data set is apparently reported in both papers). Signs of neurological 
impairment, which were most commonly tremor at rest, were more frequent among the 369 ferroalloy 
workers (Group 1 (EPA, 1978) — mean manganese in air, 0.301–20.4 mg/m3; exposure duration, up 
to 4 years (27% of workers), average 11 years (63.2%), over 20 years (9.8%) (Saric et al., 1977)) than 
among 190 electrode plant workers (Group 2 — mean manganese, 0.002–0.03 mg/m3). Neurological 
signs were observed among 16.8% and 5.8% of the workers, respectively. According to Saric and 
colleagues none of the 204 workers from an aluminium rolling plant (Group 3 — mean manganese,  
0.00005–0.00007 mg/m3) showed signs of neurological impairment. One ferroalloy worker who was 
exposed to manganese for more than 20 years (at estimated manganese levels of 5–16 mg/m3) showed 
neurological signs (extrapyramidal symptoms) consistent with initial phase manganism. The frequency 
of subjective symptoms did not vary greatly between groups; the lowest prevalence was reported by 
the electrode workers (Group 2). According to the EPA report, the prevalence of ‘bad mood’ (not 
further described) was greatest among ferroally workers (Group 1) and least among electrode workers 
(Group 2), in particular it was greater among heavy smokers in Group 1 than similar smokers in Group 
3. The prevalences of fatigue and of leg and arm cramps were higher among smokers in Group 1 than 
Group 2. Saric et al. (1977) concluded that the reported lack of correlation between manganese 
exposure and rate of neurological disorders may have resulted from variability in manganese 
concentrations and changes of workplace among the workers, while EPA (1978) suggested it may 
have resulted from individual variability in manganese susceptibility. Overall, these papers provide 
some, largely qualitative, indications of an increased prevalence of certain neurological symptoms and 
signs, possibly with a synergistic effect of smoking in certain instances, associated with occupational 
manganese exposure. However, there was little sign of any clear correlation between the level of 
manganese exposure and adverse neurological responses. Despite the large sample size, therefore, 
these papers contribute little to the understanding of the neurological effects of manganese exposure. 

In a study conducted in Canada, Beuter et al. (1994) investigated differences in diadochokinesiometry 
between three groups, 11 patients with Parkinson’s disease, 10 manganese exposed workers and 
11 controls (no further details stated). Diadochokinesia is the ability to perform rapidly alternating 
movements (for example pronation/supination), and this ability is often impaired in patients with 
Parkinson’s disease or with manganism. The ten manganese exposed workers had been employed at a 
silicomanganese and ferromanganese alloy plant that had closed 12 months prior to the study. At the 
time of the study, the mean blood manganese concentration among workers was not significantly 
different from those of the patients with Parkinson’s disease or controls (actual figures not given). No 
data on manganese concentrations in air were provided. The mean duration of exposure for workers 
was 13.9 years (range not given). Investigations were conducted using a diadochokinesimeter, an 
apparatus that can quantify rapidly alternating movements. A variety of metrics involving 
diadochokinesis was measured in the three groups and analysed. The authors found that, for most 
parameters measured, there was no significant difference between workers and controls. However, in 
some aspects involving asymmetry between the right and left hand, the exposed workers showed a 
performance similar to that of patients with Parkinson’s disease. Overall, the small sample size of the 
study, differences in mean ages between the groups, and lack of information about the level of 
exposure of the workers, limit its value. 
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A cross-sectional investigation by Mergler et al. (1994) involved 115 male workers employed at a 
ferromanganese and silicomanganese plant in Canada. The study population represented 95% of the 
workforce. Total levels of manganese in dust ranged from 0.014 to 11.48 mg/m3 (AM, 1.186 mg/m3). 
Manganese levels in respirable dust ranged from 0.001 to 1.273 mg/m3 (AM, 0.122 mg/m3; further 
details on exposure assessment are summarised in Section 6.1.2.2). Exposed workers were paired with 
male workers recruited from the community, matched in terms of age, educational level, smoking 
history, number of children and duration of residence in the area. Individuals with a history of 
neuropsychological illness, psychiatric disorders or alcohol or drug abuse were excluded. Using these 
criteria 74 matched pairs were created. It was noted that the geographical region was highly 
industrialised with potentially high levels of environmental pollution. The prevalence of Parkinson’s 
disease was in fact reported to be between two and five times higher than in the rest of the province. 
Subjects and controls were compared in terms of their performance on a battery of neurobehavioural 
tests, symptom reporting, mood state and sensory functions. The test battery included the motor scale 
of the Luria Nebraska battery (which consists of a set of 51 items, which measure different aspects of 
motor function), the finger tapping and simple reaction time tests from the SPES, a test of grip 
strength, the nine hole hand steadiness test, two tests of manual dexterity (Santa Ana and Purdue 
pegboards) and three tests of visuo-motor skills (letter cancellation, parallel line drawing and the 
Trailmaking A test). Added to this were further tests of speech initiation and regulation, attention and 
memory and cognitive flexibility. Hence there was comprehensive assessment of both motor skills and 
higher level cognitive functioning, producing a large and complex data set.  

There was a statistically significant difference between the groups in overall performance on the Luria 
Nebraska battery, although it was noted that no score from either group exceeded the cut-off point for 
clinical neurological diagnosis of motor disorders. The performance of the exposed group on the nine 
hole test was significantly worse than that of controls, overall, and notably on holes 6 to 9. There was 
no overall difference in simple reaction time. However, the exposed group showed significantly larger 
differences between the first and fifth minutes of the test, suggesting a greater susceptibility to fatigue. 
Conflicting results were obtained on the two finger tapping tests. For the manual test there was no 
significant difference between the groups. For the computer-administered test the exposed group 
performed significantly better than controls. No difference was observed between the groups for grip 
strength or on either of the peg-board tests. There were few differences in accuracy in the three tests of 
visuo-motor skills although the exposed group showed a tendency for slower performance. There were 
few significant differences in tests of cognitive ability. However, exposed workers performed 
significantly less well on the Stroop test and the Trailmaking test, both of which involve cognitive 
flexibility and attentional control. No difference was observed in speech initiation and regulation. 
Differences in sensory function were limited to olfactory threshold, which, interestingly, was 
significantly lower in the manganese exposed workers. Significantly increased levels of disturbed 
mood (notably fatigue, tension, anger and confusion) were reported by the exposed group together 
with increases in CNS and neuromuscular symptoms.  

This is a comprehensive study which provided an in-depth examination of the study population. 
Although the number of tests was perhaps over large, the choice of measures allowed an investigation 
of discernible patterns in the results. Overall, there was evidence of effects on motor functions, 
although these were not severe and contained some contradictions, such as the finger tapping results 
and the lack of effects on the peg-board tests. However, it is noteworthy that virtually all the 
significant differences between the groups occurred in tests of motor functions. This was supported, to 
some extent, by the symptom reporting data, although there appeared to be a strong tendency for the 
exposed group to report symptoms of all types with high frequency. The range of exposure levels in 
the workplace was wide, as were blood manganese concentrations. It is possible that wide variation in 
exposure levels between exposed workers might have accounted for some of the contradictions in the 
data. Unfortunately there was no analysis of dose–effect relationships. 

Further analysis of the data from this study has recently been carried out by Sassine et al. (2003). This 
analysis focused on the possible interaction between manganese exposure and alcohol consumption in 
terms of effects on mental health. The authors noted that most studies control for alcohol consumption 
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in the analysis of the association between manganese exposure and neurobehavioural effects. In these 
subjects, median alcohol consumption was 196 g/week, ranging from 8 to 740 g/week. A total of 17% 
of the subjects were considered to be heavy drinkers (>400 g/week). Mental health was measured 
using the POMS. There was no difference in score on any of the five scales of the POMS, between 
those with blood manganese levels above and below the median. In the studied group, median blood 
manganese was 10.5 µg/ℓ (range 1.6–25.9 µg/ℓ). A total of 103 workers provided blood samples and 
responded to all questions on alcohol use (74 current drinkers). (The paper does not state how many of 
the investigated subjects were occupationally exposed to manganese and how many were not.) 
However, there were significant differences on all scales between those with high and low levels of 
manganese in the blood, among the heavy drinkers group (tension, p = 0.005; depression, p = 0.002; 
hostility, p = 0.005; fatigue, p = 0.002; confusion, p = 0.005). The authors suggested that the potential 
interaction between blood manganese and alcohol consumption should be explored in further studies. 

Brown et al. (1991) compared two groups of workers from a South African refinery who were 
assigned either to a high exposure group (mean exposure, 10.58 mg/m3; range, 9.64–15.58 mg/m3; 
n = 19) or a low exposure group (mean exposure, 0.81 mg/m3; range, 0.05–4.2 mg/m3; n = 20,). All 
workers (n = 361) at the refinery were initially assigned to one of the exposure groups on the basis of 
whether their regular exposure was above or below the current threshold limit value (South Africa) of 
5 mg/m3). Those included in the study were then randomly selected. One high exposure subject was 
lost to the study because of illness (unspecified). All subjects were male and the groups were found to 
be reasonably well matched in terms of age, years of education and duration of exposure. The low 
exposure group had a mean exposure duration of 11.2 years as opposed to 12.6 years in the high 
exposure group. The two groups were compared in terms of neurological examination and 
performance on a battery of neurobehavioural tests. The tests used were digit span (forwards and 
backwards), digit symbol, a verbal and a visual memory test, a psychomotor test (grooved pegboard) 
and a geometric design test involving visual motor reproduction of geometric figures. In addition 
subjects completed the POMS. Neurobehavioural tests produced a total of 22 outcome measures. The 
authors acknowledged the problem of multiple comparisons and employed Bonferroni correction. 
They noted that significant differences occurring in four outcomes related to verbal memory and 
geometric design disappeared on correction. Nevertheless, they conducted a correlational analysis to 
investigate possible relationships between these four outcomes and three exposure measures, namely 
manganese in dust, and manganese concentrations in blood and in urine. Total scores on the geometric 
design test showed a significant association with manganese dust exposure level (r = 0.37; p<0.04). 
However, there was no significant association between any test score and manganese concentrations in 
blood. The conclusions of this study should be regarded as tentative only, given the small number of 
subjects and large number of tests. The authors conceded that their findings might have been due to 
chance and require replication using a larger sample. 

A study was carried out in a ferromanganese plant in Taiwan, where the poor ventilation system had 
lead to an increase in manganese exposure, and an outbreak of workers with parkinsonian symptoms 
had occurred. Workers at the plant (n = 132) were classified into four groups based on their likely 
exposure to manganese (Wang et al., 1989). The workers with the highest manganese exposure were 
eight furnace foremen and maintenance workers exposed to manganese fumes, probably higher than 
28.8 mg/m3, for at least 30 minutes per day, 7 days per week. Their mean duration of employment was 
9.5 years. Six of the eight workers in this category developed parkinsonism. The workers with the 
second highest exposures were 24 furnacemen, exposed to manganese at 0.5–1.5 mg/m3 with a mean 
employment duration of 11.2 years, followed by 68 foundry and foundry related workers, non-furnace 
maintenance workers and metal cutters, exposed at 0.1 mg/m3 with a mean employment duration of 
7.1 years. The least exposed group were 32 office, designing and packaging workers with a mean 
exposure duration of 7.1 years. No manganese exposure data were measured for the latter group but it 
was assumed to be less than 0.1 mg/m3. No cases of parkinsonism were seen in the three lower 
exposure groups. However, the frequency of neurological symptoms and extrapyramidal signs 
increased with degree of exposure to manganese, with significant trends detected for certain signs, 
such as bradykinesia, rigidity and gait abnormalities, and symptoms such as weakness, cramps in arms 
and legs, and loss of libido. There was no association between manganese exposure and the results of 
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liver function tests, blood creatinine, electrocardiograph and chest X-rays. Following repair of the 
ventilation system, the air concentration of manganese (for the most highly exposed workers) 
decreased to 4.4 mg/m3 or less. No new cases of parkinsonism were discovered subsequent to this. 

Huang et al. (1989) also reported suspected manganese-induced parkinsonian symptoms in a male 
worker in a Taiwanese ferromanganese alloy factory. Clinical investigations in co-workers revealed 
five more cases, all male, and all in the same manganese smelting department. Symptoms included 
bradykinesia, masked face, impaired dexterity, abnormal gait, rigidity, mild tremor in three subjects, 
and impotence and insomnia in three subjects. Tests, including EEG, electromyograph, nerve 
conduction studies and evoked potentials, were all within normal ranges. All subjects had worked for 
more than 2 years in the direct vicinity of the furnace, without protective equipment, as had four other 
unaffected workers. The highest manganese concentrations were about 28 mg/m3. This study therefore 
provides some indication of the individual variability in toxic response to manganese exposure, even 
at relatively high doses. 

In a continuation of the above investigation (Huang et al., 1993), the six male patients with 
parkinsonian features were followed up in a longitudinal study. All patients left their jobs within 
5 months of diagnosis. However, one patient died in 1990, of undetermined cause. The duration of 
manganese exposure ranged from 3–13 years. (Duration of exposure was described as more than 
2 years in the previous report.) A neurological study was conducted on the remaining five patients in 
1991. For four of these subjects, the King’s College Hospital Rating Scale for Parkinson’s disease was 
used to assess their symptoms. All four patients showed a progression of clinical features between 
1987 and 1991, as measured by the Rating Scale scores. However, progression was statistically 
significant (using the mean Rating Scale scores) only for stability and posture, and for the overall total 
score. This study, which followed up workers who developed symptoms of manganese exposure over 
a period of several years, provides evidence of long–term sequelae of manganese exposure, indicating 
that symptoms may indeed worsen over time, after cessation of exposure. 

In a further continuation of this study (Huang et al., 1998), continued clinical progression in the five 
remaining manganese exposed workers was seen in 1995, when the King’s College Hospital Rating 
Scale for Parkinson’s Disease was used again, for patient re-assessment. The mean scores had again 
increased between 1991 and 1995, representing a worsening of the clinical condition. Deterioration 
was most marked for gait, rigidity, speed of foot tapping and writing. MRI scans did not show high-
signal intensity in the basal ganglia on T1-weighted images. These results confirm the findings of the 
previous study (Huang et al., 1993), providing data to indicate that clinical progression in patients with 
manganese-induced parkinsonism continued even 10 years after cessation of exposure. 

Huang et al. (1990) carried out a cross-sectional investigation of 61 ferromanganese smelting workers 
who were compared with 61 non-exposed controls from the same plant, in terms of neurobehavioural 
performance. Subjects were matched in terms of sex, age and years of education. The test battery 
consisted of six tests from the WHO-NCTB. The tests were simple reaction time, digit span, digit 
symbol, Santa Ana pegboard, visual memory and pursuit aiming, together with the POMS and a 
symptom questionnaire. Results indicated poorer performance in the exposed group for all tests except 
aiming and digit span and more negative mood symptoms, with the exception of the vigour dimension 
of the scale. The exposed group also reported more neuropsychological symptoms such as memory 
and concentration problems and sleeping difficulties and more psychomotor problems such as 
trembling hands, poor hand co-ordination and feelings of numbness in the fingers. Following 
univariate comparisons the authors also carried out multiple linear regression analysis to control for 
the potential influence of age and education on test performance. It is evident that effects on some test 
outcomes remained following this, but details of this analysis were not recorded. The study is 
unfortunately very poorly reported and it is difficult to determine which outcomes were significant. No 
exposure data were provided. Overall therefore the contribution of this study is rather limited. 

In a further study of neurobehaviour and parkinsonism in Taiwan, patients with manganese exposure 
were compared with patients with idiopathic parkinsonism (Hua & Huang, 1991). The first group, 
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Group 1, of subjects consisted of 17 exposed workers without parkinsonism from a ferromanganese 
factory in Taiwan. Neurological examination of these subjects was normal. They had worked in a site 
where air manganese concentrations were described as being ‘over 2 mg/m3’. The mean manganese 
exposure duration was 11.88 years (range, 3–21 years). Group 2 comprised four patients with 
parkinsonian symptoms owing to chronic manganese poisoning. Group 3 comprised 8 idiopathic 
parkinsonian patients and Group 4 comprised 19 control subjects. The main extrapyramidal symptoms 
of Groups 2 and 3 were bradykinesia and rigidity, and both groups had been taking L-dopa. In both 
Group 2 and 3 subjects, computerised tomography, EEG, nerve conduction velocity studies, brainstem 
auditory-evoked potentials and visual-evoked potentials were normal. (No data were provided on 
neurological investigations in Group 1 subjects.) 

The objectives of the neurobehavioural study were stated as (i) to determine whether chronic exposure 
to manganese affected workers’ neurobehavioural function (comparison of Group 1 and controls),  
(ii) to determine whether any neurobehavioural impairment was present in both groups of workers or 
only in those with parkinsonian syndrome (comparison between controls, Group 1 and Group 2), (iii) 
to determine whether the workers with a parkinsonian syndrome had a pattern of neurobehavioural 
deficits that was different from idiopathic parkinsonian patients (comparison between Group 2 and 
Group 3). Manganese concentrations in blood, hair and urine were reported individually for some 
workers in Groups 1 and 2. Subjects completed a full Wechsler IQ test and were also given a 
comprehensive battery of neurobehavioural tests, which produced a further total of 32 outcome 
measures. Univariate comparisons between mean scores were reported. Few significant differences 
were observed between the groups. The authors noted that subjects in Group 1 had lower mean 
IQ scores than controls, and that subjects in Group 2 showed lower IQ scores and significantly worse 
performance than controls in five neurobehavioural tests. The performances of subjects in Groups 2 
and 3 were similar for the majority of tests.  

There are a number of major methodological difficulties with this study such that little reliance can be 
placed on the results. Most obviously the small number of subjects, particularly in Groups 2 and 3, the 
unbalanced nature of the groups and the very large number of tests mean that this is essentially a series 
of case studies rather than an investigation of group data. It is inappropriate in these circumstances to 
subject test results to statistical analysis or to attempt to interpret them other than in an individual 
diagnostic sense. Similarly, the biologically based exposure data show wide individual variations. The 
basis for data interpretation is generally unclear. It was not stated, for example, whether the authors 
considered global IQ scores to represent an effect modifier or an outcome measure. There were also 
numerous sources of bias in the subject selection process; for example, it was stated that they were 
volunteers who were ‘also concerned about their health’. The diagnostic criteria for parkinsonian 
syndrome attributed to chronic manganese exposure were not described. The controls were a mixture 
of community volunteers and hospital outpatients who suffered from either musculoskeletal problems 
or peripheral nervous system problems. Subjects in Groups 2 and 3 were both on medication (L-dopa) 
for their parkinsonian symptoms. Other problems relate to the demanding nature of the testing 
procedure, which lasted for 3 hours and was completed at one session. Individual subjects were likely 
to have been differentially affected by fatigue. Overall, therefore, the broadly negative findings of this 
study should be viewed with extreme caution. 

A clinical and neurobehavioural study carried out in two ore milling factories in Singapore compared 
17 male workers employed as baggers with 17 controls (age-matched male hospital workers with no 
neurotoxic exposure; Chia et al., 1993). The 17 exposed workers constituted the total workforce of the 
two plants who had at least one year’s work experience there. Mean exposure duration was 7.4 years 
(range, 1–14 years). The mean manganese level from 1981 to 1991 for both the factories was 
1.59 mg/m3. The exposed and control groups were well matched in terms of age, years of education 
and smoking and alcohol consumption histories. None of the participants was suffering from 
diagnosed central or peripheral nervous system illness, musculoskeletal problems or psychiatric 
disorders. Clinical examination did not reveal any abnormality in the exposed group and there were no 
differences between the groups in terms of median and ulnar nerve conduction (sensory and motor). 
None of the workers in either group exhibited cogwheel rigidity (periodic resistance to passive 
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movement), rigidity of neck or trunk, tremor or masklike faces. Of 37 subjective symptoms 
investigated using a questionnaire, 20 were reported more frequently in the exposed group; however, 
the only symptoms reported significantly more frequently in the exposed workers were insomnia and 
profuse sweating. In the neurobehavioural component of the study the groups were compared in terms 
of performance on seven tests, three that focused on motor control (Santa Ana peg-board test, finger 
tapping speed and pursuit aiming) and four that focused on aspects of information processing (digit 
span, visual retention, symbol-digit and trail-making). Testing procedures were properly standardised 
and carried out by researchers blind to exposure status. The performance of the exposed group was 
significantly poorer than that of the controls on all tests except digit span, where the difference 
approached statistical significance. No significant correlations were observed between test scores and 
blood, serum or urine manganese concentrations. The authors noted that the small numbers in the 
study were likely to reduce the likelihood of observing statistically significant correlations between 
test scores and biological parameters. However, this is perhaps of minor concern since any identified 
impairment is likely to relate to the considerably higher past exposures. No analysis of the relationship 
between years of exposure and test scores was carried out. The number of test outcomes, (eleven from 
the seven tests) and thus of group comparisons, in the absence of corrective statistics, is of also of 
concern, since this increases the probability of significant results. Further, although the subjects were 
well matched in terms of years of education, the occurrence of significant performance differences on 
every test (both motor and cognitive) suggests the possibility of a stable difference between the groups 
in terms of pre-morbid ability.  

In summary, this study was well conducted in many respects and provides some support for the view 
that early effects of manganese exposure can be identified by neurobehavioural methods, in the 
absence of clinical signs. However, the small number of subjects and multiple comparisons caution 
against unequivocal acceptance of this conclusion.  

In a subsequent study by Chia et al. (1995), 32 workers from two manganese ore milling factories in 
Singapore were investigated for postural sway and compared with 53 workers who had no history of 
neurotoxicant exposure. The mean level for airborne manganese from 1981 to 1991 in both milling 
factories was 1.59 mg/m3, as in the earlier study by Chia et al., in 1993. Before 1985, workers were 
exposed to levels of manganese exceeding 5 mg/m3. The mean duration of manganese exposure was 
6.5 years with a range of 1.1 to 15.7 years. No clinical abnormalities were detected in the exposed or 
control groups. With eyes open, there were no significant differences in sway parameters between the 
two groups. However, with eyes closed, there were significant differences, indicating significantly 
poorer postural stability in exposed workers than in non-exposed controls. The authors proposed that 
this effect was due to a subclinical effect of manganese on the basal ganglia (pallidus) resulting in 
postural instability when visual input was cut off. (The precise mechanism of such an effect was not 
discussed.) There was no significant association between urinary manganese and the postural sway 
parameters. The levels of manganese in urine among the exposed subjects were poorly correlated with 
exposure duration. Despite the small sample size, this study suggests a possible subclinical 
manifestation of the effects of manganese exposure, which may merit further investigation with a 
larger sample size. 

The clinical case study of a man who worked in an manganese ore crushing plant in Japan and went on 
to develop chronic manganese poisoning is reported by Yamada et al. (1986). The man began working 
in the plant in 1965 and first complained of symptoms due to manganese poisoning in 1967. Initial 
symptoms included difficulty walking and loss of libido. His clinical condition became progressively 
worse and he retired from work in 1977. He was admitted to hospital in 1978, with symptoms 
including euphoria, masked face, diminished power in limbs, abnormal posture and ‘cock walk’ gait. 
At the time of hospitalisation, this subject had an a blood manganese level of 34 µg/ℓ (normal range 
stated as 4–20 µg/ℓ). More details of this case are provided in Section 6.2.5.1.  

A study by Kim et al. (1999), which includes subjects involved in manganese smelting, is described in 
Section 7.2.5.6, a study by Sano et al. (1982), which includes information on manganese ore grinders, 
is summarised in Section 7.2.5.10. 
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7.2.5.3 Chemical production 
The comprehensive study by Roels et al. (1987a), on workers in a Belgian manganese oxide and salt 
producing plant (see also Sections 6.1.2.3 and 7.2.3.3), also included a neurotoxicity component, 
comprising a survey of CNS related symptoms, neurological examinations and a neurobehavioural 
investigation. Among the manganese exposed workers there was a significantly increased frequency of 
four symptoms, tinnitus, fatigue, trembling of fingers and increased irritability, and of one 
neurological sign, rigidity of trunk. However there were no clear-cut dose–response relationships 
between urinary manganese or duration of exposure and the prevalence of abnormal CNS or biological 
findings.  

In the neurobehavioural element of the study exposed workers and controls were compared in terms of 
performance on a visual simple reaction time test, a short-term memory test comprising recall and 
recognition memory, a test of hand tremor and a test of hand steadiness. Reaction times were 
compared at 2-minute intervals over the 8-minute period of the test in order to assess changes in 
vigilance as well as response times. The manganese exposed workers showed slower responses 
throughout, the difference between the two groups becoming statistically significant after 4 minutes. 
Both groups exhibited a slowing of response time over the period of test. However, this was more 
marked in the manganese exposed workers, such that response times increased by 40% after 6 and 
8 minutes of testing compared with 25% in the control group. Between 6 and 8 minutes of testing 
exposed workers also showed a significantly higher prevalence of abnormally long reaction times 
(21% compared with 5% in the control group). The pattern of these results, with significant 
differences occurring approximately half way through the test, is consistent with differential fatigue 
and attentional control in the two groups.  

Performance on the short-term memory test, which requires subjects to learn a list of 15 unconnected 
words over five trials, also indicated that the performance of the exposed workers became increasingly 
poorer than that of the controls over the five trials of the test. Statistically significant differences were 
shown in trials 3, 4 and 5.  

In the hand tremor test the prevalence of abnormal score values for eye-hand co-ordination parameters 
ranged from 12–14% in the manganese exposed workers, compared with 4–5% in the controls. The 
difference was statistically significant. The hole tremormeter test is designed to measure hand 
steadiness by requiring the subject to hold a metal stylus in progressively smaller holes. Contact with 
the side of the hole is measured electronically. The manganese exposed workers showed a 
significantly higher prevalence of abnormally elevated scores relating to the medium sized holes 4 and 
5. These are accepted to be the most discriminating, since the smaller holes (7, 8, 9, 10) became 
progressively too difficult for most groups. In addition, seven of the manganese exposed workers were 
unable to achieve a perfect score on hole 3, which was achieved by all the controls.  

This was a well-conducted study and, taken together, the results of the neurobehavioural tests provide 
some support for the view that subtle early signs of manganese intoxication were occurring in the 
exposed workers whose average exposures were estimated to have been around 1 mg/m3. The analysis 
of the psychological test data, which track performance over the period of the test, is more informative 
than analysis that simply compares overall mean scores. However two factors that should be 
mentioned are those of age and pre-morbid ability, neither of which were controlled for in the analysis 
of the test data, despite a statistically significant age difference between the groups. In respect of age 
the difference was not more than 5 years and the ranges were similar. Thus, the effect on performance 
is unlikely to have been marked and would in any case bias towards better performance in the exposed 
(younger) workers. The two groups were matched in terms of educational level but no additional 
estimate of pre-morbid ability was included. This factor is unlikely to affect simple reaction time but 
may influence verbal learning.  

There was no evidence of a dose–response relationship between either duration of exposure or 
concentration of manganese in urine and neurobehavioural test results. However, there was a small but 
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significant association between deteriorating eye–hand co-ordination results and increased 
concentrations of manganese in blood. The authors suggest that blood manganese levels may be more 
representative of body burden than urinary manganese (Roels et al., 1987b). They further suggest that 
duration of exposure in the absence of environmental monitoring data may be too crude a measure to 
assess dose–response relationships. Overall, the evidence of neurobehavioural effects provided by this 
study is persuasive. These workers appeared to show early signs of intoxication following less than 
20 years exposure at air levels of around 1 mg/m3, with blood manganese levels in excess of 10 µg/ℓ. 

Crump and Rousseau (1999) subsequently reported the results of an 11-year follow-up of these same 
workers, which was carried out as part of routine health surveillance between 1985 and 1996. Subjects 
were given the same tests as those employed in the Roels et al. (1987a) study as follows: the eye–hand 
co-ordination and hand steadiness tests were alternated with the memory test on a yearly testing 
schedule and, beginning in 1992, a test of reaction time was performed each year. Blood and urine 
samples were collected at the time of testing. Test results were obtained for 213 male workers 
including 114 of the manganese exposed workers originally tested by Roels et al. (1987a). Mean blood 
manganese ranged from 11 to 15 µg/ℓ between 1985–1996. The average duration of exposure of the 
subjects in the follow-up study increased from 7 years in 1985 to 14 years in 1996. In some tests there 
were considerable year to year variations in results, which were difficult to explain. For most tests 
there was no consistent decrease in performance over time and in some cases performance improved 
over the period of the follow-up (notably in the memory test), despite the increasing age and exposure 
duration of the subjects. However, there was a consistent statistically significant performance 
decrement in the hand steadiness test (hole 4) over time in both the 114 workers originally tested by 
Roels et al. (1987a) and another subset of 44 long-term employees who completed the test on two 
occasions at least 8 years apart. Although the authors note that in the absence of an unexposed 
reference group, age would not be completely controlled for, age was not found to be a significant 
explanatory variable in the multiple regression analysis. Hand steadiness was also significantly 
associated with manganese concentrations in blood, replicating the results of Roels et al. (1987a). 
However, the earlier study by Roels and colleagues also found a significant dose–response relationship 
between manganese in blood and eye–hand co-ordination, which was not repeated here. 

Overall, the results of this study show some consistency in the findings relating to tests carried out 
between 1983 and 1996. However, as the authors noted, there was no evidence of further deterioration 
in the performance of the exposed workers, despite increasing age and exposure duration. If, as Roels 
et al. (1987a) suggested, findings in 1983 provided evidence of subclinical changes, a progression to 
clinical signs and symptoms over the period of the follow-up study might have been expected. 
However, set against this is the question of the ‘survivor’ effect, since the attrition rate over the period 
of the study was approximately 20%. No health information was available on those subjects who had 
left the plant. 

A study conducted as part of a health hazard evaluation was reported by Kawamoto and Hanley 
(1997). The evaluation was requested by the USA National Institute for Occupational Safety and 
Health, following the discovery of two workers employed at a battery company who had parkinsonian 
symptoms. The aim was to investigate whether work in an electrolytic manganese dioxide plant could 
be related to chronic manganese toxicity. Details on exposure assessment are summarised in Section 
6.1.2.3. Based on a sample of 29 full-shift workers (production and support) total manganese in air 
ranged from 0.05 to 0.44 mg/m3 (GM, 0.16 mg/m3). 

In August 1990, nine (50%) of the high seniority day shift production workers were interviewed and 
examined. The interview related largely to exposure opportunities. ‘Several’ (exact number not stated) 
employees had Parkinson-like findings (tremor, rigidity and mask-like facies) on examination. 

In a subsequent more extensive cross-sectional survey, all current and former employees were eligible 
to participate and 119 were invited (summer workers and interns excluded). In total, 79 (66%) 
participated. These included 52 of 57 active employees, 16 of 29 retirees and 11 of 33 other employees 
who had left for reasons other than retirement. The results for one participant (retiree) were not 
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included because of missing job history information, hence only 78 participants were included in the 
data analysis. (Gender information was not included, but the paper refers to ‘his or her’ results, hence 
some female participants are assumed.) 

All participants completed a self-administered questionnaire, including neurological symptoms and 
information on exposure to neurotoxins other than manganese. Neurological examination assessed 
aspects of parkinsonism and neurobehavioural function. Statistical analysis was performed on the 
following outcome variables: symptoms of tiredness; sleeping more often than usual; muscle aches or 
cramps; and physical finding of tremor (tongue, lips and extremities). Symptom indices (created by 
combining questionnaire responses for related symptoms) were used for concentration, memory, 
anxiety, depression, motor function and tremor. 

Work in the electrolytic manganese dioxide plant was categorised in terms of two parameters, first 
according to highest ever exposure potential (production (highest exposure), support (intermediate 
exposure) and non-production (low)), and secondly according to the number of years in production 
(never, less than 5, more than 5). There were no significant differences between the three exposure 
groups in respect of the symptoms of tiredness, sleeping more than usual and muscle aches or cramps. 
In the physical examination, tremor was found more frequently in production and support workers 
than in non-production workers, although the difference was not statistically significant. Work in the 
plant (by highest exposure category ever or by category of years worked in production) was not 
associated with any of the symptoms or with physical tremor on adjustment for confounding variables. 
There was also no association between work in the electrolytic manganese dioxide plant and any of the 
symptom indices. However, it was found that work in the ferromanganese furnace departments 
contributed significantly to the symptom index models for concentration, memory and motor function. 
Also, using number of years in production as the exposure variable, an interactive effect of exposure 
and smoking on the symptom index of motor function was found, for workers in the ferromanganese 
furnace departments. Neck rigidity and bradykinesia were seen in the physical examination only in 
workers with more than 15 years in production, although the numbers were too small for statistical 
analysis. 

Overall, this study does not provide strong evidence for an association between neurological 
dysfunction and work in the electrolytic manganese dioxide plant, although such an association cannot 
be ruled out. Difficulties in making quantitative assessments of past exposure as a result of workers 
doing tasks in more than one exposure category may have resulted in misclassification of some 
subjects. In addition the sample may have been biased to some extent since only approximately 40% 
of former employees participated, and among eligible production workers, participants had a longer 
mean duration of employment than non-participants. 

7.2.5.4 Steel production 
The CNS effects of manganese exposure were investigated in a neurological and neurobehavioural 
study of workers in the steel smelting industry (Wennberg et al., 1991). The exposed group was 
recruited from two steel smelting works and comprised 30 men (15 from each plant with the highest 
exposures) with a minimum of one year’s occupational exposure (range and mean not given) to 
manganese. Exposure varied between different types of work, with a minimum of 0.03 mg/m3 and a 
maximum of 1.62 mg/m3. For all types of work the mean values were 0.18 mg/m3 at one smelter and 
0.41 mg/m3 at the other. Data indicated that the levels of manganese exposure were essentially 
unchanged for 17 and 18 years respectively. Thus current levels were assumed to provide reasonable 
estimates of past exposure. For two symptoms, reduced libido and tiredness, there was a significantly 
higher frequency in exposed groups compared with controls (60 non-exposed males from other 
industries). No focal abnormalities were seen on any EEGs, and there was no statistically significant 
difference between groups in the number of abnormal EEGs. Similarly no statistically significant 
differences between the groups were found in event-related auditory evoked potentials, brain-stem 
auditory evoked potentials and diadochokinesometry (measured using equipment that involved 
rotating a handle). However, there were non-statistically significant differences between the two 
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groups in all of these parameters, with slower diadochokinesis in the exposed group, an increased 
proportion of abnormal EEGs (23% of the exposed subjects compared with 15% of controls), and 
differences in event-related auditory evoked potentials and brain-stem auditory evoked potentials. 
These effects were interpreted by the authors as indicating a preclinical stage of manganism.  

The neurobehavioural elements of this study were reported by Iregren (1990). Each foundry worker 
was initially individually matched with two male unexposed workers from either a steelworks or a 
mechanical industry, in terms of age, years of employment, geographical area and job type. However, 
the mean performances of exposed and control groups were found to differ significantly in respect of 
verbal ability, which is usually assumed to represent a surrogate for pre-morbid intelligence. Thus the 
author carried out secondary matching using verbal ability as an additional criterion. This reduced the 
control group to 30.  

Subsequent comparison of neurobehavioural performance between the two groups revealed significant 
differences in simple visual reaction time and finger tapping speed (dominant hand only) tests. The 
author notes that significant differences between the groups were also evident in finger tapping speed 
(non-dominant hand) and finger tapping endurance prior to secondary matching. These differences 
remained largely unchanged on re-matching but became statistically non-significant when numbers in 
the groups were reduced. No effects were noted on several other tests employed in this study, namely 
tests of hand and finger dexterity, tests of attentional control and information processing. There was 
also no indication of dose–response relationships between measures of performance and current 
manganese exposure levels or years of exposure. The results of this part of the study therefore appear 
to provide only tentative support for effects on motor-speed in these workers with little evidence of 
effects on visual-motor co-ordination or of general cognitive impairment. However subject numbers 
were small, considerably reducing the likelihood of identifying significant effects. 

A case–series of 62 male workers previously employed in a steelworks is reported by Arlien-Søborg 
and Raffn (2003). All the workers had been referred to an Occupational Medicine Clinic in Denmark 
because of chronic neuropsychiatric symptoms. Mean age was 51 years (range, 31–68 years). Duration 
of manganese exposure was 1.5–34 years (mean, 17.2 years). Manganese dust (range) was measured 
as 0.009–4.08 mg/m3 and fume as 0.0001–0.06 mg/m3. The most prominent symptoms were fatigue 
(91.9%), impaired memory (95.2%), concentration difficulties (75.8%), emotional instability (82.3%), 
increased need of sleep (61.3%) and intermittent pain in muscles or tendons (87.1%). Clinical 
neurological examination showed dis-coordination of movements, tremor, increased muscle tone or 
gait disturbance in 72.6%. Mild to moderate intellectual impairment was found in 79% of the patients. 
As with all case–series this is a highly selective sample and cannot provide evidence that the problems 
of these patients were necessarily associated with manganese exposure. It should also be noted that a 
recent survey of the diagnoses of a similar neurotoxic syndrome, solvent-related chronic toxic 
encephalopathy, across member states in the European Union revealed that frequency of diagnosis was 
much higher in Denmark (16.8/million employed in 1997) than in other member states. For example, 
in Sweden, which had the next highest incidence rate, the figure was 13.0/million employed for the 
same year. For Finland the figure was 8.5/million employed and for Germany and Italy only 0.5 and 
0.1 respectively (Triebig & Hallermann, 2001). The authors noted that differences in diagnostic 
criteria, in assessment methods and interpretation and the influence of the legislative framework in 
different countries all appeared to contribute to this observed variation. Since the methods employed 
in the assessment and diagnosis of solvent-related chronic toxic encephalopathy are essentially the 
same as those used by Arlien-Søborg and Raffn (2003) to identify ‘manganese-related 
encephalopathy’, caution should be exercised in the acceptance of these diagnoses.  

Clinical case studies of two patients with neurological symptoms in Pennsylvania, USA, were reported 
by Whitlock et al. (1966). Both of the subjects worked in the same manganese steel plant; they were 
the only two workers involved in a particular process for cleaning manganese steel castings, instituted 
about 1 year prior to the onset of the illnesses. Air samples of manganese concentration by two 
different methods gave values of 2.3–4.7 mg/m3 and 0.1–4.5 mg/m3. This case study of only two 
workers adds little to the database on manganese toxicity, but demonstrates the necessity for new 
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processes to be monitored carefully for any increase in manganese exposure to workers; it also 
suggests the time scale over which symptoms may appear if manganese exposure is increased to toxic 
levels. 

7.2.5.5 Other metal smelting processes 
An investigation into manganese levels in air and in blood was carried out among 24 furnacemen 
employed at three iron cast foundries in Denmark (Lander et al., 1999). The mean period of 
employment was 12 years (range, 1–26 years). Total mean airborne manganese levels were 0.039 and 
0.005 mg/m3 in Foundries 1 and 2, with respirable levels ranging from 0.005 to 0.022 mg/m3 (mean, 
0.027 mg/m3) in the former. No exposure data were reported for Foundry 3. Further details on 
exposure are given in Section 6.1.2.5. Clinical interviews with the furnace workers were performed 
before the first blood and air sampling, and again in a ‘post-exposure’ interview approximately 
6 months later. The interviews were aimed at detecting symptoms related to the nervous system. In all 
but two cases, the medical interviews of the furnacemen showed no sign of adverse clinical effects due 
to manganese. In two subjects, slight CNS symptoms (memory problems, fatigue, sleep disturbance 
and irritability) were seen at the time of the initial interview, when both had high levels of manganese 
in blood (25 and 29 µg/ℓ). When post-exposure interviews were performed approximately 6 months 
later, the symptoms had completely disappeared. During this period, the manganese exposure had been 
reduced or stopped. Blood manganese levels had decreased to 9.4 and 14.1 µg/ℓ respectively. This 
study provides some evidence to support the correlation between blood manganese levels and 
neurological signs, and also that adverse neurological effects of excess manganese exposure are 
reversible on discontinuation of exposure. However, the sample size was small and only two subjects 
displayed adverse effects related to manganese exposure. 

7.2.5.6 Fabrication (including welding) 
Sjögren et al. (1990) conducted a survey of symptom reporting in a group of 282 welders in Sweden 
exposed to varying combinations of neurotoxic metals, (aluminium, lead, manganese and stainless 
steel). A total of 68 had been exposed to manganese alloy (median (MED) exposure time, 2000 hours) 
as well as other metals. Symptoms were assessed using the Q16, a standard questionnaire developed as 
a screening tool for neurotoxicity (Hogstedt et al., 1984). Logistic regression analysis was carried out 
to ascertain the risk of having three or more symptoms (the criterion for early neurotoxic effects) 
associated with exposure to each of the metals. When subjects were grouped according to their 
exposure to manganese, the odds ratio for reporting three or more symptoms was 6.25 in those with 
more than 2 years full-time exposure. For comparison, when subjects were grouped according to lead 
exposure during welding, the corresponding odds ratio was 3.52. In addition, positive responses to one 
particular question in the Q16 ‘Do you often have painful tingling in some part of your body’ were 
significantly related to manganese exposure (odds ratio, 2.03). These results raise some concerns about 
symptoms related to exposure in this group of workers. Unfortunately no exposure data were provided. 

A further study by Sjögren et al. (1996), investigated Swedish railway track welders who had been 
exposed to manganese in their work. A total of 12 workers were studied, all of whom had welded for 
more than 100 hours (MED 270 hours; minimum, 100; maximum, 1760) in high alloy manganese 
steel, and for less than 25 hours in lead or aluminium. A control group of 39 welders had minimal 
manganese exposure. All participants were male and the groups were comparable in terms of mean 
age. There were some differences in terms of lifestyle factors, such as smoking and alcohol 
consumption. Three subjects with previous head trauma involving loss of consciousness were not 
screened out. No exposure data were collected specifically for this study. However, exposure 
measurements derived from other sources, relating to the type of work investigated in the study, were 
0.1–0.9 mg/m3, depending on the type of material used. Manganese exposed workers and controls had 
similar blood manganese levels (manganese exposed welders — MED, 8.5 µg/ℓ; range 5–14 µg/ℓ; 
control welders — MED, 7.0 µg/ℓ; range, 2–16 µg/ℓ).  

In a questionnaire on symptoms, manganese exposed workers reported significantly more peripheral 
nervous system symptoms, sensory and motor disturbance, and sleep disturbance, than controls. The 
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differences remained after consideration of age, blood lead concentration, alcohol consumption and 
alcohol habits. There were no significant differences in EEGs between manganese exposed welders 
and controls although there was a higher proportion of abnormal EEGs in the exposed welders (33%) 
than controls (13%). There were some significant differences in event related auditory evoked 
potentials between the groups but no difference in brainstem auditory evoked potentials or 
diadochokinesometric investigations. No facilitation effect on olfactory perception (lowered threshold) 
was found.  

In the neurobehavioural component of the study, subjects completed, seven computer-administered 
tests from the SPES (Gamberale et al., 1989) and three manual tests. Manganese exposed welders 
performed significantly less well than referents in the finger tapping test, pegboard test and two tests 
measuring motor speed and co-ordination. 

Like many other investigations this study suffers from a very small number of subjects and a very 
large number of outcome measures. Thus, given the resultant large number of comparisons, there is a 
high probability of chance findings. It should be noted however that significant differences between 
manganese exposed welders and referents occurred not only in relation to symptom reporting but also 
in tests concerned predominantly with motor control. Moreover, although referents had very similar 
blood manganese concentrations their duration of exposure was much less. While these results should 
be viewed with caution, therefore, they are generally consistent with other findings.  

A recent study from Poland (Sinczuk-Walczak et al., 2001) aimed to assess the effects of manganese 
exposure on a group of workers from two different sectors. The exposure group comprised 75 male 
workers (62 welders and fitters in the ship industry, 13 battery production workers). The duration of 
employment ranged from 1 to 41 years, with a mean of 17.5 years. The control group comprised 
62 males, non-exposed to chemicals and matched by age and work shift distribution. The welding dust 
comprised mainly iron, manganese and silicon, with fluorides, calcium and sodium, or alternatively 
with copper depending on the method used. Welding fumes comprised mainly carbon oxides and 
nitrogen oxides. In the process of battery manufacture, manganese dioxide, ammonium chloride, zinc 
oxide, and an electrolyte containing ammonium chloride and zinc chloride, were used. Manganese 
levels in air were 0.004–2.667 mg/m3 (AM, 0.399 mg/m3; GM, 0.154 mg/m3) for welders and fitters 
and 0.086–1.164 mg/m3 (AM, 0.338 mg/m3; GM, 0.261 mg/m3 for battery workers. The investigations 
of the two groups included medical history with questions on symptoms possibly related to manganese 
exposure, objective neurological examination, EEG recordings and visual evoked potentials. Several 
symptoms were reported more often by the exposed workers; however, only emotional irritability, 
sleepiness and paresthesia were significantly increased. On neurological examination there were no 
focal symptoms that could indicate organic lesions of the central or peripheral nervous system. 
Comparison of the frequency of abnormal EEG recordings revealed no significant differences between 
the two groups; however, abnormal EEGs did occur more frequently among exposed workers (28% 
compared to 17.3% in controls). There were some significant differences in certain parameters of 
visual evoked potentials between the two groups. There was also a statistically significant relationship 
between certain components of visual evoked potentials and cumulative manganese exposure. Overall, 
the study was well conducted with an adequate sample size, although it should be noted that the 
subjects were exposed to a range of substances in addition to manganese. The findings support the 
view that manganese exposure at these levels does not result in major neurological disorders but may 
be associated with some symptoms and abnormalities detected in neurophysiological investigation. 
The authors suggested that their findings on visual evoked potentials might relate to the existence of 
optic nerve disorders without clinical symptoms. 

Discalzi et al. (2000) reported from Italy on a 53 year-old man who began to suffer from postural 
tremor, muscular hypotonia and bradykinesia in 1996. In 1997 an MRI scan of the brain showed, in 
T1-weighted images, symmetrical abnormal signal hyperintensity in the substantia nigra and globus 
pallidus, suggesting the possibility of enhanced metal deposition in basal ganglia and midbrain. 
Occupational activity showed a history of welding by means of electrodes and welding rod, from 
1964–1968 and from 1971–1998. Blood concentrations for manganese, iron and zinc were above the 
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normal range for the authors’ hospital. On admission, in September 1998, clinical examination showed 
symptoms of parkinsonism. The initial manganese blood level was 14.4 µg/ℓ. Brain MRI using  
T1-weighted imaging showed metal deposition in basal ganglia and midbrain. Manganese was 
detected in the iron alloy and welding rod used in the subject’s work. Liver computerised tomography 
and enzymes showed no abnormalities. The content of manganese was found to 1.39% in the welding 
rod and 0.54% in the ferrous alloy. MRI scans following removal from exposure and chelating 
treatment showed a tendency towards a decrease in manganese deposit. There was also a subjective 
and objective improvement in some of the parkinsonism symptoms. 

Following the observation of orthostatic hypotension in an index case of manganese toxicity 
(dementia, postural instability, intention tremor, sensory deficits and increased T1 signal in the basal 
ganglia on MRI), a study of cardiovascular autonomic function and neurological dysfunction was 
performed among manganese alloy welders and machinists in the USA (Barrington et al., 1998). The 
sample consisted of eight subjects (including the index case) all of whom had worked in jobs 
involving manganese exposure; some (including the index case) had had jobs involving welding, 
others were machinists or maintenance workers. In the absence of adequate air sampling, manganese 
exposure as a rank order was estimated from job description and years of employment; available 
details on exposure are given in Section 6.1.2.6 and biological monitoring is described in 
Section 6.2.3.5.  

In the index case, brain MRI showed a typical hyperintense T1 signal in the globus pallidus, which 
had resolved 6 months after termination of manganese exposure. No relevant findings were seen in 
MRI in the other subjects. All eight subjects had multiple symptoms including irritability, headache 
and poor memory. Only the index case and one other subject had gross motor disorders. Seven 
subjects complained of dizziness and presyncope, and four complained of impotence. Study subjects 
were further investigated with neuropsychological tests and questionnaires, although few details were 
provided. All subjects exhibited a variety of symptoms of mental disturbance. In particular, five 
subjects reported depression and all but one reported anxiety. However, it should be noted that the 
index case and one other person were evaluated using a different personality inventory to that used for 
other subjects, raising questions of comparability. Neurobehavioural data were presented only as 
whether or not a score was in the ‘impaired range’. On this basis the authors reported that only in the 
index case and Subject 2 could the results be interpreted as indicative of organic brain dysfunction. 
They noted that when subjects were ranked according to exposure (on the basis of job type and 
duration) Subject 2 was the second highest exposed after the index case. In general these data were 
somewhat sketchy and the personality assessments, although indicating multiple symptoms, did not 
provide a strong, discernible pattern. Overall this is a largely descriptive study. 

On cardiac evaluation, no subject had structural or ischaemic heart disease. Cardiovascular autonomic 
function was investigated by means of 24-hour ambulatory electrocardiogram (ECG) recordings. 
There were no significant abnormalities of rate or rhythm. The mean RR interval (the interval between 
successive R waves on the ECG) for the eight subjects was significantly shorter than that of controls 
(eight males matched for age and free of cardiac disease). Decreased variability of the RR interval has 
been described in relation to other occupational exposures such as lead, zinc, copper, organic solvents 
and vibration and, as stated by the authors, has been tentatively ascribed to peripheral neuropathy. The 
root mean square of the differences in duration between consecutive cardiac cycles was also 
significantly less than that of the controls (or published values), indicating decreased heart rate 
variability. Further analysis of the 24-hour ECG data indicated abnormalities in autonomic control of 
heart rate in the eight subjects compared with the eight controls. It was suggested that 24-hour ECG 
monitoring with analysis of the RR variability in workers exposed to manganese might be useful to 
evaluate any effects of exposure. The sample size was small and the sample was one of convenience; 
four of the subjects were co-workers with the index case and, in addition to the index case, two other 
subjects had autonomic and cognitive symptoms (referred for evaluation of symptoms and concurrent 
lead exposure). Furthermore, the level of manganese exposure was imprecisely measured and there 
may have been other concurrent exposures to bias the results. 
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In a study from India by Chandra et al. (1981) a group of 60 male welders was investigated 
(20 workers taken from each of three different welding environments, designated Plants A, B and C). 
The aim of the study was to look for the possible occurrence of manganese poisoning among welders 
exposed to fumes containing manganese. Mean manganese concentration in air were 0.31 mg/m3, 
0.57 mg/m3, and 1.74 mg/m3, and mean exposure durations were 20.2 years, 21.0 years and 14.1 years, 
in Plants A, B and C respectively. A control group of 20 ‘healthy volunteers’, not exposed to welding 
fumes, was matched for age, smoking habits and social class. General health complaints (such as cold 
and cough, frequent hyperpyrexia and insomnia) were common in the welders but were not seen in the 
control group. On neurological examination, five workers from Plant A, ten from Plant B and nine 
from Plant C showed signs of CNS abnormality (tremors of the hands or tongue, and/or brisk deep 
reflexes of the arms or legs). An increase in serum calcium (above the range of 90–110 mg/ℓ quoted 
for the ‘healthy volunteers’) was noted in 7, 17 and 6 welders from Plants A, B and C respectively. 
The authors reported that the serum calcium content was higher in the welders from Plants B and C 
who had neurological signs than in the controls (the text of the paper is ambiguous and this may also 
include welders from Plant A with neurological signs), although no statistical analysis for significance 
for this difference appears to have been carried out. Duration of exposure was not related to presence 
of neurological signs. Overall, the authors concluded that the welders with neurological signs were 
suffering from early manganese poisoning. This is a largely descriptive study which provides some 
support for manganese related effects but adds little information in the context of the current review. 

A study to investigate the effect of manganese exposure in terms of MRI findings was performed in 
South Korea (Kim et al., 1999). A total of 121 male workers, selected from factories involved in 
several industrial activities, included 89 manganese exposed, 16 non-exposed manual workers and 16 
non-exposed clerical (non-manual) workers. The factories from which the subjects were recruited 
were classified as welding environments (two automobile assemblers, three steel-structure 
manufacturing facilities, a shipbuilding facility; 34 exposed workers, 9 manual non-exposed, 8 non-
manual non-exposed), smelting environments (three manganese smelting factories; 39 exposed, 
6 manual non-exposed, 5 non-manual non-exposed), and a welding rod manufacturing factory 
(16 exposed, 1 manual non-exposed, 3 non-manual non-exposed) Geometric mean manganese 
concentrations in the welding, smelting and welding rod environments were 0.53 mg/m3 (range,  
0.1–1.56 mg/m3), 0.14 mg/m3 (range, 0.08–1.4 mg/m3) and 0.15 mg/m3 (range, 0.02–0.42 mg/m3), 
respectively (see also Sections 6.1.2.2 and 6.1.2.6). The proportion of workers with increased signal 
intensities on T1-weighted MRI scan in the globus pallidus was 46.1% in exposed workers (73.5% of 
the welders, 41% of the smelterers, no welding rod manufacturers) and 18.8% in non-exposed manual 
workers; there was no such effect among non-exposed clerical workers. Clinical signs of manganism 
were not observed in any worker. The pallidal index (defined as the ratio of the signal intensity of 
globus pallidus to subcortical frontal white matter in axial T1-weighted MRI × 100; as reported in Kim 
et al., 1999), was significantly higher in the exposed than the non-exposed non-manual workers, and 
was positively correlated with blood manganese level. It was concluded that increased signal 
intensities on the T1-weighted image reflected recent manganese exposure but not necessarily 
manganism. The results of the study hence support the use of MRI scan to detect manganese exposure 
prior to the onset of symptoms. 

An individual case report of a patient in Japan with an unusual presentation of manganese toxicity is 
described by Ono et al. (2002). A male, 17 year-old, with a history of electric arc welding for 2 years, 
presented with myoclonic involuntary movement of the right arm and leg. On examination at hospital 
admission 2 months after the initial appearance of symptoms, the right lower part of the face was also 
involved but symptoms were not remarkable on the left side (of the body). Muscle tone was reduced in 
the right arm and leg but with no muscle atrophy or weakness. Diadochokinesis, finger-to-nose 
pointing, standing and gait were also impaired. No other neurological symptom, in particular no 
psychiatric symptom or parkinsonism symptom, was found. Blood manganese levels were above 
normal range (stated as 8–25 µg/ℓ) at 43 µg/ℓ. Other blood investigations were normal, as were 
auditory brainstem response, nerve conduction studies and EEG. MRI scan showed symmetrical high-
intensity signals in the globus pallidus on T1-weighted images. The authors suggested that, as the 
subject’s symptoms improved on discontinuing welding work, the welding was probably the source of 
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manganese poisoning. The authors stated that this was the first report of myoclonic involuntary 
movement owing to manganese poisoning; the pathophysiology of the condition was unclear. This 
study, although involving only one subject, provides an interesting account of a novel presentation of 
manganese toxicity. No data on manganese exposure were provided.  

7.2.5.7 Battery manufacture 
A key study is reported by Roels et al. (1992) who investigated neurobehavioural effects in 
92 workers exposed to manganese dioxide dust in a dry alkaline battery factory in Belgium. Details on 
exposure assessment are given in Section 6.1.2.7, and more details on the cohort studied are given in 
Section 7.2.3.5. Exposed workers were compared with 101 matched controls. The symptom 
questionnaire and set of neurobehavioural tests used were the same as those in the previous study by 
Roels et al. (1987a) on chemical production workers (see Section 7.2.3.5). Workers were also 
compared in terms of serum concentrations of luteinising hormone, follicle stimulating hormone and 
prolactin. This was a well-conducted study, which took account of potential confounders and effect 
modifiers and took care to adhere to standard testing procedures. No significant differences between 
exposed and control workers were observed in respect of luteinising hormone, follicle stimulating 
hormone or prolactin. No statistically significant difference was observed between the groups in the 
short-term memory test. Neurobehavioural tests of simple reaction time, eye–hand co-ordination and 
hand steadiness gave broadly similar results. In the reaction time test, the manganese exposed workers 
had a significantly longer reaction time overall than the control group, with statistically significant 
differences occurring after 2 minutes of the test. In both groups reaction time increased with the 
duration of the test but this was more pronounced in the exposed group. The prevalence of abnormally 
long reaction times varied between 11% and 25% in the manganese exposed group and between 4% 
and 5% in the control group. Significant differences between the groups were observed for all 
parameters of the eye–hand co-ordination test. The prevalence of abnormal values was 5% in the 
control group and ranged from 15 to 30% in the exposed group. In the hole tremormeter test (hand 
steadiness) the difference between the exposed and control group approached statistical significance 
for hole 5 (p = 0.06) and was significant for hole 6 and for hole 9. Differences for holes 7 and 8 were 
non-significant. Holes 1 to 4 were not reported but differences were presumably non-significant. One 
manganese exposed worker was excluded from the analysis because of a pronounced resting tremor, 
which precluded assessment using this technique.  

Dose–response (exposed group only) was assessed in terms of the relationships between the 
prevalence of abnormal values on each of the tests (simple reaction time, eye–hand co-ordination and 
hand steadiness) and the exposure measurements of current blood and urinary manganese levels, 
lifetime integrated exposure to respirable dust and lifetime integrated exposure to total dust. Lifetime 
integrated exposure for each worker was calculated as the product of current airborne levels of 
manganese characteristic of each job and the number of years the worker had performed the activity. 
Subjects were divided into three exposure groups in respect of each biological and environmental 
measure. The prevalence of abnormal test results for each of the three tests was found to increase with 
increasing concentrations of lifetime integrated exposures to both respirable dust and total dust but no 
association was found with current blood or urinary manganese levels. Subsequently the authors 
carried out logistic regression analysis to assess the probability of developing abnormal test 
performance as a function of each of the two environmental measures. A statistically significant 
logistic regression was found for hand steadiness (hole 9) as a function of lifetime integrated exposure 
to total dust. The relationship for lifetime integrated exposure to respirable dust was of borderline 
significance (p = 0.054).  

The authors concluded that although the group analysis does not permit the identification of an effect 
threshold, the dose–response relationships nevertheless indicate that lifetime integrated exposure to 
manganese dioxide above 6 mg/m3 or 0.73 mg/m3 (respirable dust) may lead to an increased risk of 
tremor. Use of environmental monitoring data in this study appears to have identified a dose–response 
relationship that could not be detected in the earlier study of chemical production workers (Roels et 
al., 1987a), where a simple duration metric was employed. However, the failure to replicate the  
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dose–response association between manganese in blood and neurobehavioural results identified in the 
earlier study remains unexplained. 

In a subsequent prospective study, an 8-year longitudinal investigation of these workers was carried 
out by the same research group (Roels et al., 1999). The objective was to determine whether the 
effects on visual-motor performance observed in the previous study were reversible following a 
reduction in airborne manganese concentrations in the workplace. These reductions took place 
subsequent to 1987 when the workers were first examined. The longitudinal observation period was 
from 1988–1995 and originally involved all 92 of the original study group. This had reduced to 34 
subjects by the end of the period, owing to retirement, job change or dismissal; it was noted that no 
workers left the plant because of the detection of neurological signs. Subjects completed eye–hand co-
ordination tests, annually, from 1988 and hand steadiness and reaction time tests, annually, from 1991. 
In addition to the main longitudinal study a 3-year follow-up was carried out on a group of 24 workers 
who left the original study group because of job change. For these workers manganese exposure 
ceased completely before the end of 1992 but they were still employed at the plant in 1996. At this 
point, they completed the visual motor tests.  

Over the period of the longitudinal study there was a significant decline in overall airborne manganese 
concentrations in total dust from 0.795 mg/m3 (GM) to 0.250 mg/m3, with the most marked decline 
following 1992. For the total cohort of subjects these reductions were significantly associated with an 
improvement in precision of hand–forearm movement (PN1), one of the parameters of the eye–hand 
co-ordination test. Subsequent division of the subjects into three exposure groups based on exposures 
before 1987 (average manganese in total dust around 0.4, 0.6 and 2 mg/m3) showed a significant  
dose–response effect in respect of PN1, such that scores in the lowest exposure group improved to 
normal levels; that is, scores became similar to those of controls, following a reduction of manganese 
in total dust from around 0.4 mg/m3 to 0.13 mg/m3. Scores in the medium and high exposure groups 
also improved but to a lesser extent and not to control group values. In these groups exposure levels 
improved from around 0.6 mg/m3 to 0.13 mg/m3 and from around 2 mg/m3 to 0.6 mg/m3, respectively. 
(Actual figures were not stated in the paper but have been estimated from the graph provided.) No 
improvements in other test outcomes were observed in response to exposure reductions. The authors 
also note that PN1 results in the cohort changed little between 1988 and 1991, which paralleled a very 
small reduction in exposure levels, and that most improvement took place from 1992 onwards when 
reductions were most marked.  

The results of the follow-up study on the 24 ex-manganese exposed workers tended to confirm the 
results of the longitudinal study. In 1996 this group showed a significant improvement in eye–hand  
co-ordination compared with results prior to 1992. There was no change in results for the other test 
outcomes relating to hand steadiness and reaction time. Of these workers, 9 would have been placed in 
the low exposure group, 13 in the medium and 2 in the high exposure group. The authors concluded, 
therefore, that the results provided evidence of a reversal of effects on eye–hand co-ordination 
associated with exposure reduction, which was less marked when earlier exposure levels had been 
high (i.e. more than 0.4 mg/m3). Further, they suggested that effects on hand stability and reaction time 
appeared to be irreversible for all groups.  

Again, the quality of the study is such that the results are persuasive. The study groups were well 
matched in terms of important confounders and performance modifiers, and test procedures were well 
standardised. Repeat testing of controls 10 years apart (1987 and 1997) supported the high test re-test 
reliability of the measures used and precluded age as a confounder in the follow-up study. Although 
there was clearly a considerable attrition rate, the authors conducted a careful analysis to show that 
missing test results did not influence the pattern of PN1 results. The consistency between the results of 
the longitudinal and the follow-up study also adds strength to the conclusions. 

In a cross-sectional study from Germany, 90 workers (58 men, 32 women) in a dry-cell battery factory 
were investigated (Dietz et al., 2001). Of this group, 11 male workers who were judged to have 
received the highest exposure to manganese oxide dust in the factory were compared with 11 matched 
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controls from the same factory. Manganese concentrations in air for exposed workers ranged from 
0.137 to 0.794 mg/m3 (mean, 0.387 mg/m3). The mean exposure period of the 11 exposed workers was 
more than 10 years in the same factory, without significant changes in working conditions; the 
maximum duration of employment was 37 years. No clinical symptoms or signs of parkinsonism were 
found. The results of visual evoked potentials, nerve conduction tests and EEGs did not show any 
significant differences between the two comparison groups of 11 subjects. Furthermore, abnormal 
findings on MRI scans showed no statistically significant differences between the exposed and non-
exposed workers. The authors studied the pallidal index in 76 of the total participant group, 8 exposed 
workers and 10 referents. (It is unclear from the text whether the total group of 76 participants 
included the subjects in the other two groups or if the three groups contained separate subjects.) The 
exposed workers showed a significantly increased pallidal index (it is presumed that this is in 
comparison with the ten referents and not the total group). For the ‘male workers’ (it is assumed that 
this refers to the 11 manganese exposed workers) there was a significant positive correlation with 
manganese blood levels and cumulative exposure index determined for each worker, based on 
manganese in blood, years of exposure and level of exposure in different working areas. There was no 
significant correlation between pallidal index or cumulative exposure index and urinary manganese or 
manganese concentration in hair.  

In a recent study from Germany, Ihrig et al. (2003) also reported a cross-sectional investigation of the 
association between exposure to manganese dioxide in a dry-cell battery factory and neurobehavioural 
performance among 58 men and 32 women currently employed at the factory. Mean employment 
duration was 11 years. Manganese levels in blood ranged from 3.2 to 25.8 µg/ℓ (MED, 11.5 µg/ℓ). 
Significant associations were found between a cumulative index of exposure (total lifetime exposure 
and blood manganese) and performance on the trailmaking test (regarded as a sensitive indicator of 
CNS damage), test of memory and attention and a psychomotor pegboard test. There were no 
associations between the exposure index and self-reported health complaints or reaction time. 
Although the authors reported that the results suggested effects in workers with long-term exposure, 
they noted that the six workers with blood manganese levels above the current German Biologischer 
Arbeitsplatztoleranzwert (BAT; biological tolerance value) value showed no evidence of 
neuropsychological dysfunction.  

A study by Sinczuk-Walczak et al. (2001) in Poland, which included battery manufacturing workers, 
is described in Section 7.2.5.6. 

A survey in Egypt of workers exposed to manganese dust in a factory manufacturing dry acid batteries 
was performed by Emara et al. (1971). Out of 36 workers examined, eight had neuropsychiatric 
symptoms, six with chronic psychosis, one with left hemiparkinsonism, and one with left choreo-
athetosis. Two out of these eight subjects had abnormal EEGs but there was no association between 
this and the clinical manifestations or duration of exposure. Exposure assessment is discussed in 
Section 6.1.2.7; levels (37–46 mg/m3) were much higher than those reported in more recent studies. 
The symptomatic workers were involved in the task of either mixing or compressing at the factory. In 
this study, many workers had been exposed for 10 years or more without developing chronic 
manganese poisoning. However, other workers had been exposed for shorter periods and had 
developed the condition. The shortest latency period in the study was one year, the maximum 16 years 
(a 28 year-old, who must, therefore, have been exposed to manganese from around the age of 12). The 
study is essentially a case series and appears to underline the role of individual susceptibility in the 
development of manganism. 

7.2.5.8 Agricultural products 
Only one study on the health impact of manganese in agricultural products has been identified. The 
study was based in Brazil and was carried out following the presentation of two patients, a 41 year-old 
woman and a 27 year-old man, both complaining of neurological symptoms. The woman had been 
exposed to Maneb for 5 years prior to the onset of symptoms and the male patient for 4 years (Ferraz 
et al., 1988). Maneb (manganese ethylenebis(dithiocarbamate)) is a fungicide used to protect crops 
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and, although organic manganese compounds are not the main focus of this report, the study has been 
included for completeness. In response to the case reports, a cross-sectional survey of rural workers 
was performed to investigate neurological abnormalities that could be related to Maneb exposure. The 
exposed group comprised 50 workers who had had close contact with Maneb for at least 6 months. 
The control group comprised 19 workers without direct exposure to Maneb. No subject had exposure 
to other fungicides containing manganese. All subjects completed a questionnaire on Maneb exposure 
and neurological symptoms associated with manganese poisoning. Neurological examination (for 
objective signs) was performed and manganese levels in blood were determined. Mean blood 
manganese levels were 0.07 µg/ℓ in the exposed group and 0.088 µg/ℓ in the non-exposed group (not 
significantly different). Among the exposed group, there was a significantly higher prevalence of 
several symptoms, including headache, nervousness, memory complaints, sleepiness and fatigue, than 
among controls. The only sign, on neurological examination, that was statistically more frequent in the 
exposed group was rigidity (with cogwheeling). Several other symptoms and signs were seen more 
frequently in the exposed group, including postural tremor and bradykinesia, but the differences were 
not statistically significant. When comparing exposed subjects by age (40 years or more or below 40), 
there was no relationship between age and prevalence of objective neurological signs. In the exposed 
population, there was no clustering of signs and symptoms; that is, people with neurological signs 
were not more likely to have more symptoms. There was no correlation between rigidity, postural 
tremor and other signs. No moderate or severe disability was found in any of the individuals. No 
relationship was found between ‘intensity’ of exposure (based on frequency and duration of exposure) 
and existence of neurological signs. However, the authors noted that 84% of the subjects did not use 
the Maneb in accordance with the manufacturer’s recommendations for safety; hence it was not 
possible to make any assumptions about exposure levels, such as exposure index, or to draw any firm 
conclusions from the results. There were several potentially important demographic differences 
between the two groups. The control group was much smaller than the exposed group and there were 
also differences in age and ethnicity. The age ranges were similar in the two groups but the mean ages 
were 24 years in the non-exposed and 37 years in the exposed group. Both groups included at least one 
subject each of Japanese, white and black ethnic origin; however, while the exposed group was 
predominantly of Japanese origin, the non-exposed group was predominantly white. In addition, 
certain potentially important lifestyle factors such as alcohol consumption were not mentioned. The 
authors reported that it was not possible to identify a better matched control group and therefore they 
carried out separate analyses to assess the possible influence of age and ethnicity on results. They 
found no significant differences in the occurrence of neurological symptoms or signs when comparing 
the white subjects with the subjects of the other two ethnic groups taken together, nor when subjects 
under the age of 40 were compared with those over 40. They concluded, therefore, that the risk of 
chronic manganism did not appear to be related to age or ethnic group. Overall, it was concluded that 
the data supported the involvement of Maneb in the development of chronic manganese poisoning. 
However, the presence of other occupational exposures and the lack of manganese exposure data limit 
the usefulness of these results.  

7.2.5.9 Pigments, paints and glass  
Neurological effects in workers in France exposed long-term to low levels of manganese were studied 
by Deschamps et al. (2001). A total of 138 workers in an enamel factory were investigated; this 
represented all but five of the workforce of one plant. All were exposed to manganese for over 7 hours 
per shift, for a minimum of 6 months’ duration (mean, 19.87 years). The mean respirable manganese 
concentration, based on personal sampling, was 0.06 mg/m3 (range, 0.010–0.293 mg/m3). Further 
details on exposure assessment are given in Section 6.1.2.9. It was noted that conditions at the plant 
had not changed during the previous 10 years. For comparison, 137 referents were drawn from 
labourers and technicians employed by public service organisations. With the exception of one 
exposed subject, all subjects and referents were individually pair-matched for age, sex, educational 
level and ethnic group. Smoking history did not differ between the groups; alcohol consumption was 
not reported. Subjects with a history of neurological disease did not appear to have been excluded, 
since it was reported that there were 26 in the exposed group compared with 23 controls. These 
numbers seem very high but the definition of ‘neurological disease’ was not recorded. Results of 
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clinical neurological examinations, responses to an adapted version of the POMS symptom 
questionnaire, which focused on the central and peripheral nervous systems, and four 
neurobehavioural tests were compared between subjects and controls. The latter tests did not include 
any explicitly psychomotor tests but focused on aspects of higher cognitive functioning, such as verbal 
comprehension, speech regulation and initiation, memory and attentional control.  

There were no significant differences in neurological examinations or neurobehavioural test 
performance between exposed and control subjects. Effects appeared to be limited to a higher 
prevalence and severity of certain non-specific symptoms in the exposed group, notably asthenia, 
sleep disturbance and headache. No clear relationship was found between manganese exposure levels 
and symptom reporting. The authors concluded that long-term (about 20 years) exposure to low levels 
of respirable manganese (approximately 0.200 mg/m3) was associated with no significant disturbance 
of neurological performance, but could induce mild subjective symptoms. However, it is unfortunate 
that no neurobehavioural tests focusing on motor skills were employed, since these have been shown 
to be sensitive to early effects in other studies (Iregren, 1999). In the absence of such tests it is difficult 
to regard these results as providing unequivocal evidence that no effects other than a slight increase of 
non-specific symptoms occur at these exposure levels. 

7.2.5.10 Other occupational sectors  
Some additional studies, including multi-occupation studies and studies that do not state an 
occupational sector are summarised below. 

In a study from Denmark, blood manganese levels were assayed in 18 out of 20 auto mechanics (all of 
whom had raised concentrations in blood of at least one heavy metal) and former auto mechanics. 
Levels of manganese in blood ranged from 12 to 107 µg/ℓ; in 4/18 subjects, levels were very slightly 
above the normal range (5–96 µg/ℓ whole blood). One of the subjects with elevated blood manganese 
levels had peripheral neuropathy as measured by electromyograph. This subject also had raised blood 
lead levels. The other three workers with increased blood manganese showed no signs of neuropathy 
(Melgaard et al., 1976). In view of the multiple exposures that these workers experienced, plus the 
small sample size, it is difficult to attribute any of the results to manganese exposure specifically.  

A population-based case–control study was conducted in metropolitan Detroit, USA, to assess 
occupational exposure to manganese (amongst other metals) as a risk factor for Parkinson’s disease 
(Gorell et al., 1999). Cases diagnosed with Parkinson’s disease (n = 144) and controls (n = 464) were 
derived from a population consisting of all individuals aged 50 years or more, receiving health care 
from a particular provider. An interviewer-administered questionnaire for risk factors was 
administered to cases and controls. Only 2.1% of this population had ever been exposed to manganese 
(13 people). Of these 13, four had Parkinson’s disease. When adjusted for other risk factors (age, race, 
sex and smoking), occupational exposure to manganese for more than 20 years was associated with 
Parkinson’s disease (odds ratio, 10.61; 95% CI, 1.06–105.83). Short-term (0–20 years) occupational 
exposure to manganese was not associated with a significant increased risk of Parkinson’s disease. 
These results tend to confirm the relationship between long-term manganese exposure and 
parkinsonian-like disease. The value of case–control studies in this context is necessarily limited 
because of the difficulty of estimating past exposure. 

A report by Amr et al. (1993) from Egypt involved a broad range of manganese exposed workers 
rather than focusing on a specific industry. The study used symptom reporting as a measure of 
neurobehavioural effects. The authors amalgamated the results of a number of previous cross-sectional 
surveys carried out by the authors on workers in Egypt exposed to a variety of industrial chemicals. 
The total number of subjects studied was 479 of whom 47 were exposed to manganese and for whom 
exposure data were obtained. Duration of exposure ranged from 2 to 30 years (mean 13.6 years). The 
authors report that ‘air of workplace’ (presumed to be level of manganese in air) was  
6.82–30.21mg/m3. Symptom data were obtained for 41 of these workers although no details of the data 
collection method or the questionnaire, if one was used, are provided. The control group consisted of 
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300 non-exposed individuals but no further details were provided. Thus it is not known whether these 
were workers, a community-based sample or another group. No statistical analysis was carried out on 
the symptom data but it was noted that the most common symptoms were headache (29.8%), 
impotence (19.1%), numbness and parasthesia (12.8%), anxiety and irritability (12.8%), muscle 
weakness and fatigue (8.5%) and tremors (8.5%). The corresponding figures for the control group 
were 8%, 3%, 11%, 10%, 3% and 2%. Of the manganese exposed group, 27.7% were symptom-free 
compared with 80% of the control group. The authors also reported neurological signs in the exposed 
group, including abnormal reflexes (38.9%), peripheral hyposthesia (31.9%), mask faces (12.8%) and 
muscle weakness and static tremors (10.6%). It is not clear whether the presence of these signs 
constituted their diagnostic criteria for manganese poisoning but the authors went on to report a 
correlation between such poisoning and manganese concentration in air and duration of exposure. No 
details of these analyses were provided. Since some of these workers appeared to have had very high 
exposures to manganese it was not possible to derive any information on possible effect levels from 
this study. 

The results of an epidemiological survey of retired manganese mine workers and ore grinders were 
presented in the abstract of a Japanese paper (Sano et al., 1982). Of the 162 workers, 55% had been 
employed in the mines and factories for longer than 11 years, 46% had been retired for 11–20 years, 
while 27% had been retired longer than 21 years. The controls were non-manganese exposed 
individuals residing in the same area. The incidence of symptoms associated with manganese toxicity 
was high in the exposed group and increased with the period of exposure to manganese dust. 
Symptoms were reported by 28% of workers while they were employed, but 45% reported 
(symptoms) as late as 6 years after retirement. Of the retired workers, 3.1% had parkinsonism, 1.9% 
had symptoms of hemiparkinsonism, 9.3% showed other neurological symptoms and 39% had 
pneumoconiosis. (Equivalent figures within the control group were not provided.) 

7.2.5.11 Non-occupational exposure 
A Greek study investigated the relationship between manganese concentration in drinking water in 
three different areas, with neurological symptoms and biological markers (Kondakis et al., 1989). The 
concentrations of manganese in well water ranged from 3.6 to 14.6 µg/ℓ in the area with lowest 
manganese levels, from 81.6 to 252.6 µg/ℓ for the area of intermediate levels, and from 1800 to 
2300 µg/ℓ in the area of highest manganese levels. In the area of lowest, medium and highest exposure 
there were 62, 49 and 77 subjects, respectively, with roughly equal numbers of men and women. 
Levels of manganese in blood were not significantly higher in the areas with higher manganese 
concentrations in drinking water (for both sexes taken together mean blood manganese in the area of 
highest levels of manganese in water was 16.47 µg/ℓ; in the area of lowest manganese the mean was 
15.83 µg/ℓ). Clinical neurological examination was performed and each subject was scored 
numerically, with higher scores indicating greater neurological abnormality. There was significant 
progression in the scores from lower to higher for both sexes taken together, indicating a progression 
in neurological disorder, correlated with progressively higher manganese concentrations in drinking 
water. The difference in neuorological scores between the area of the highest manganese water 
concentration and the area of lowest concentration was significant for men but not for women; when 
both sexes were included together, the difference was significant. However, the study was restricted to 
subjects who were at least 50 years old, and the results included only those subjects who had resided 
in the same area for 10 or more years. 

In contrast, a German investigation into long-term manganese exposure associated with rural well 
water identified no neurological effects (Vieregge et al., 1995) among 41 adults (21 men, 20 women), 
over 40 years of age, who had used well water as their main source of drinking water for at least 10 
years. The manganese concentration of the well water was at least 0.300 mg/ℓ. The control group of 
74 subjects (41 men, 33 women) drank water from wells where the manganese content was not more 
than 0.050 mg/ℓ. Mean blood manganese concentrations were not significantly different between the 
groups, (8.5 µg/ℓ in the exposed group, 7.7 µg/ℓ in the controls). Subjects were investigated using a 
symptom questionnaire, a standard neurological examination and a rating scale for parkinsonism. No 
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significant difference in any neurological measure was seen between the two groups, and there was no 
difference in the scores from the symptoms questionnaire. Tests of fine motor abilities of both hands 
(including aiming, steadiness, line pursuit and tapping) were carried out among a subset of subjects 
from both groups, comprising 36 from the exposure group and 67 from the referent group; no 
significant difference was found between the groups when age standardisation was applied. 
Laboratory tests for haemoglobin and liver function tests, amongst other parameters, were within 
normal ranges for both groups. There were no correlations between levels of manganese in blood and 
any clinical parameter or investigation in either group. No dietary or demographic features appeared to 
confound the results. The authors concluded that exposure to drinking water with a high concentration 
of manganese did not result in detectable neurological impairment. 

A community based cross-sectional study carried out in Canada involved a random stratified sample of 
residents (151 women, 122 men), in a region where a manganese alloy production plant had 
previously been located, who were reported to be exposed to manganese from a variety of 
environmental sources (Bowler et al., 1999; Mergler et al., 1999). Individuals with a history of 
occupational exposure were excluded. Manganese concentrations in blood ranged from 2.5 to 
15.9 µg/ℓ (MED, 7.3 µg/ℓ). Subjects completed a battery of neurobehavioural tests, which comprised 
three computer administered neuromotor tests, two tests of attentional control from the computer 
administered Neurobehavioural Evaluation System (Baker et al., 1985) and eight further manually 
administered tests. Of the latter, two were predominantly concerned with motor control (finger tapping 
and pegboard) and the remainder with memory, learning and information processing. Investigation of 
sensory functions and a neurological examination were also performed. Testing was well standardised 
and potential confounders and modifiers of performance were appropriately controlled for in the 
analysis.  

Multivariate analysis showed that the higher blood manganese concentrations, 7.5 µg/ℓ or above, were 
significantly associated with changes in co-ordinated upper limb movements and with poorer learning 
and recall. In addition an interaction between age and blood manganese was observed, such that the 
poorest performance on tasks involving hand–eye co-ordination occurred in those with highest levels 
of manganese in blood who were also over the age of 50. This effect was most marked in men but also 
occurred in women. The authors noted that their results were consistent with those of occupational 
studies where blood manganese levels were in the region of 10 µg/ℓ. 

Bowler et al. (1999) administered the POMS and a standard symptom scale (Brief Symptom 
Inventory) to the same population. The results indicated a significant age/sex interaction effect, such 
that older men (>50 years) who also had higher blood manganese levels (≥7.5 µg/ℓ) reported 
significantly more symptoms on three of the six mood dimensions, namely 
anxiety/nervousness/irritability, emotional disturbance and aggression/hostility. No similar effect was 
observed for women. The authors noted that symptoms of emotional disturbance have frequently been 
described in cases of manganese poisoning and suggested that standardised mood scales, alongside 
neurobehavioural tests, might provide useful tools for identifying early effects. 

Finally, further analysis was carried out on data from this population to investigate any relationships 
between psychological distress (as measured by the Brief Symptom Inventory), risk of alcohol use 
disorders and blood manganese levels (Sassine et al., 2002). This study took a community sample of 
253 subjects (124 men, 129 women); only subjects who were current drinkers and who responded to 
all questions regarding alcohol use, in a telephone screening questionnaire, were used. The mean level 
of manganese in blood was 7.6 µg/ℓ (range, 2.5–15.9 µg/ℓ). The results indicated a significant 
association between psychological distress and alcohol abuse, which appeared to be mediated by 
manganese exposure. The prevalence odds ratio for positive cases of distress with a risk of alcohol use 
disorders was 1.98 in the population as a whole but when divided according to blood manganese level 
was 1.34 for the lower level (<7.5 µg/ℓ) and 4.22 for the higher level (≥7.5 µg/ℓ). 

A similar study from southwest Quebec, Canada (Beuter et al., 1999) investigated three parameters of 
upper limb co-ordination in relation to blood manganese levels, namely, rapid alternating movements 
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(diadochokinesimetry), rapid and precise pointing movements and tremor. A total of 270 subjects were 
studied in the pointing movements test, and 262–264 subjects were studied in the diadochokinesis test 
and the tremor test. Decreased ability to perform rapid pointing movements was seen in relation to 
increasing blood manganese (on a logarithmic scale). An interaction between blood manganese and 
age was also noted. With regard to diadochokinesimetry, there was a reduced ability to attain high 
maximum rotation speeds in relation to the log of blood manganese, but no influence of blood 
manganese levels on age related effects was seen in this parameter. Gender appeared to be a major 
factor influencing many aspects of diadochokinesis. The log of the blood manganese levels was also 
associated with an increase in regularity of tremor oscillations. There was also a relation between 
blood manganese levels and age effects on tremor. The authors proposed that their findings indicated 
that blood manganese levels modified the relation between age and these neuromotor functions. This 
study used a large sample, and appears to provide strong evidence for a relationship between levels of 
manganese in blood and certain neurological parameters, as well as an interactive effect of manganese 
levels in blood and age on performance in some tests. 

In a Mexican study, 73 subjects (52 women, 21 men) were examined (Santos-Burgoa et al., 2001). 
The subjects came from two communities: Community A (14 men, 32 women) was 2 km uphill from a 
primary ore refining plant; and Community B (7 men, 20 women) was 25 km downhill and 
downstream from the plant. Details of manganese levels in air and exposure assessment are given in 
Sections 6.3.1 and 6.3.2. Mean manganese levels in blood were 18.26 µg/ℓ (range, 10.00–88.00 µg/ℓ), 
and 16.76 µg/ℓ (range, 7.50–45.00 µg/ℓ) for Communities A and B, respectively. Six cases (4 women, 
2 men) of tremor and/or numbness were seen in Community B, all were aged between 46–56 years. 
Their blood manganese levels were 10–45 µg/ℓ. An inverse linear effect on haemoglobin was 
identified starting at blood levels of 10 µg/ℓ. A battery of neuropsychological tests was applied to 
44 subjects from Community A and 27 from Community B. Statistically significant risk ratios related 
to manganese in blood were found for certain tests, including reduced cognitive function in the  
Mini-Mental State Examination (a rapid assessment of basic functions including orientation, attention, 
memory, learning, praxis and language comprehension).  

7.2.5.12 Synopsis on neurotoxic effects in humans 
Studies on neurotoxic effects are summarised in Table 7.9; the 28 studies identified that include 
investigations of neurobehavioural effects are indicated specifically in the Table.  

There is a substantial literature on the effects of manganese exposure on the human nervous 
system. It has been established for many years that high exposures can result in severe 
neurotoxic signs and symptoms, some of which resemble those of idiopathic Parkinson’s disease. 
This syndrome, which may also include psychiatric effects, has become known as ‘manganism.’ 
The syndrome has been described in a number of early papers (Schuler et al., 1957; Mena et al., 
1967; Chandra et al., 1974), and several studies have investigated the incidence of cases of 
manganism or the prevalence of neurological signs and symptoms in workers with relatively 
high exposures. These more severe effects are considered to be well documented and 
uncontroversial and, although they have been included in this document for completeness, their 
contribution to the objectives of the current review is judged to be limited.  

In contrast, several more recent studies on lower occupational exposures to manganese have 
reported less severe, subtle, nonclinical, neurobehavioural/neurotoxicological effects, usually 
deterioration in motor function and co-ordination. Such effects may constitute changes in the 
same areas of the brain as are implicated in manganism. Consideration of the body of evidence 
leads to the conclusion that, in humans, the critical effects associated with contemporary (low) 
occupational exposure to manganese are neurological. Studies that have sought to identify early, 
less severe effects of manganese exposure, to assess the progression or reversibility of those 
effects and to determine the exposure levels at which such effects might occur are, therefore, 
considered to be of central interest to the objectives of the current review. 
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Most such studies have been cross-sectional, neurobehavioural investigations, designed to 
compare the test performance of a manganese exposed group of workers with non-exposed 
matched controls. Cross-sectional studies are usually considered to be less robust than cohort 
studies, primarily because of the potential influence of the healthy worker or survivor effect. 
However, this is not considered to be of major importance here, since the subclinical effects 
under investigation are unlikely to have caused workers to leave the workplace. The difficulty of 
case definition in neurobehavioural studies also renders traditional case-control or cohort 
designs inappropriate. In general, a decline in various aspects of neurobehavioural performance 
is assumed to occur with age and thus an adverse effect is regarded as a form of premature 
aging. However, as a rule, few of the tests employed in neurobehavioural research are 
accompanied by normative data and it is not always possible, therefore, to provide a definition 
of ‘abnormal performance’ for case identification or to quantify the size of any decrement. Thus 
the identification of an adverse effect in this type of study usually depends on the demonstration 
of a statistically significant difference between the performance of the exposed and control 
groups. This has largely been the case in the investigations considered here. 

The validity of neurobehavioural methods has also been questioned on account of the wide range 
of tests employed in many investigations and the frequent absence of any hypothesis about the 
expected nature of the impairment to guide test selection. However, in the case of manganese 
toxicity, such guidance is provided by the features of the more severe form of the disease, which 
indicates the need to focus on aspects of motor control in investigating early adverse effects. 
Thus the presence of small changes in motor activity, for example a small increase in hand 
tremor, could be considered to represent a biologically plausible effect. The review paper by 
Iregren (1994), which adopted an empirical approach to identify appropriate tests for assessing 
the effects of manganese exposure, is noted in this context. The use of motor tests, as opposed to 
cognitive tests involving complex information processing, also confers certain advantages, in that 
the influence on performance of such factors as pre-morbid IQ, social class and educational 
attainment is much reduced. For a number of reasons, therefore, neurobehavioural methods are 
considered to be useful and valid in this context. In particular, reductions in performance on 
tests of motor activity are considered to provide stronger evidence of adverse effects than are 
decreases in aspects of cognitive functioning. 

On the basis of an evaluation of methodological quality (according to European Union 
recommended criteria for neurobehavioural studies (CEC, 1997)) and the presence of good 
quality exposure data, out of 28 studies on subtle neurobehavioural effects considered, three key 
studies have been identified as a basis for assessing health impact at low level occupational 
exposures. These are the cross-sectional studies of Roels et al. (1992), Gibbs et al. (1999) and 
Myers et al. (2002), which were concerned primarily with the identification of neurobehavioural 
effects and the levels at which such effects might occur. One further study, the cross-sectional 
study by (Mergler et al., 1994), also provides supporting data. Three additional studies, by 
Lucchini et al. (1999), Crump and Rousseau (1999) and Roels et al. (1999), included a 
longitudinal element, which addressed the progression and reversibility of any such effects. 

Of these studies, that of Roels et al. (1992) identified adverse effects on reaction time, tremor and 
hand–eye co-ordination in workers exposed to manganese dioxide dust in a Belgian dry alkaline 
battery factory. Given the biological plausibility of these findings and the good methodological 
quality of the study, these results appear to relatively robust. The study by Mergler et al. (1994) 
supported these findings, in that it showed motor effects but not effects on cognitive functioning, 
among workers employed in Canadian ferromanganese and silicomanganese plants. However, 
owing to insufficiencies in the exposure data reported, the Canadian study does not contribute to 
the determination of a no-effect level. In contrast to the former two studies, the study of Gibbs et 
al. (1999) among US manganese metal production workers and that of Myers et al. (2002) 
involving miners in South Africa, found no effects in studies of similar quality. However, it 
should be noted that the latter two studies are simply negative studies, and neither purports to 
identify a no-effect level; indeed, some patterns in the data reported by Gibbs and colleagues, 
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though non-significant, were suggestive of an effect. Thus consideration of the levels and 
duration of exposure in the latter two studies and in the study by Roels and colleagues offers a 
basis for determining a no-effect level.  

Three good quality follow-up studies have been identified, of which two provide evidence 
relating to the possible progression of effects and one addresses questions of reversibility.  

The study by Lucchini et al. (1999) confirmed effects on motor functions identified in a group of 
ferroalloy workers in Italy examined in an earlier study (Lucchini et al., 1995). However, there 
was no evidence of progressive deterioration in these workers, whose exposure to manganese 
had been reduced in the interim period. Similarly Crump and Rousseau (1999) who followed up 
chemical production workers in Belgium, originally studied by Roels et al. (1987a), found little 
or no evidence of progression of neurobehavioural effects. Alongside this Roels et al. (1999) 
found only some limited evidence for the reversibility of adverse effects identified in battery 
workers in Belgium who were re-tested following an 8-year period during which exposure had 
been reduced. In summary, therefore, the limited number of longitudinal investigations in this 
field point to a stability (lack of progression) of adverse effects where exposure is reduced, but 
also indicate that such effects, once established, may not all be reversible. 

7.2.6 Carcinogenicity and genotoxicity 
Carcinogenicity has not been frequently investigated with regard to manganese exposure, possibly due 
to lack of historical case reports of malignant disease associated with manganese exposure. Only four 
epidemiological surveys that investigated manganese exposure in relation to cancers have been 
identified. 

7.2.6.1 Production of alloys 
Kjuus et al. (1986) investigated total mortality and cancer incidence in a cohort of 6494 workers 
employed in the Norwegian ferroalloy industry. The cohort was employed for more than 18 months 
before 1970 and followed up from 1953 to 1982. Three plants were involved in the production of 
ferromanganese; of these, two also produced silicomanganese. The 3961 workers at the three plants 
were exposed to coke, quartz and limestone dust, polyaromatic hydrocarbons and asbestos, as well as 
manganese. The exposure to manganese dust was uncertain. Manganese dust measurements at one 
plant that produced ferromanganese and silicomanganese were 0.5–2 mg/m3 in 1979. Incidences of 
cancer were compared with the total male Norwegian population. For each of the three plants 
producing manganese alloys, the standardised incidence ratio (SIR) for all types of cancer was less 
than 1, with 95% confidence intervals passing through 1, indicating that there was no significantly 
raised incidence of cancer at any of these three plants during this time. For the four types of cancer 
that were specifically investigated (lung, stomach, colon and prostate), observed and expected values 
of incidence were provided for each plant individually. On visual inspection of the data, there did not 
appear to be any large differences between observed and expected values. 

In the first report of a subsequent series of historical cohort studies among workers in Norwegian 
ferroalloy plants (see Section 7.2.3.2), Hobbesland et al. (1996) found no increased incidence of 
mortality from cancer, in male furnace workers from four ferromanganese/silicomanganese factories. 
Workers were divided into two categories based on their duration of employment (less than 3 years, or 
3 years or more), but in neither category was increased mortality seen.  
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Table 7.9 Summary of key studies for neurological effects* 

Study description 
 

Study population Exposure data 
Air mg/m3  
(unless otherwise 
stated) 
Range (CT) 

Comments 

Mining    
Myers et al. (2002)* 
Africa (South Africa) 

 
489 Exposed workers from  
1 company 

Total 
ND–0.99 (02.1)a 

No significant association between exposure and neurobehavioural test 
(psychomotor and non-psychomotor) performance or symptoms of 
neurotoxicity. 

Chandra et al. (1974) 
Asia (India) 

 
12 Symptomatic workers 
 ‘mild’ (3 subjects) 
 ‘moderate (8 subjects) 
 ‘severe’ (1 subject) 
20 ‘Healthy volunteers’, unclear 
whether also miners from same 
workplace 

No data on MnA 
MnB µg/ℓ 
(68.5)a 
(41)a 
75 
 
(35.2)a 

Selection criteria: subjects with neurological symptoms of Mn poisoning.  
Mild poisoning symptoms included asthenia, muscular pains, mental 
excitability, sexual symptoms, fatigue. Moderate poisoning symptoms 
included speech disorders, difficulty walking, tremor. Severe poisoning 
symptoms included tremor, ‘cock walk’ gait, spasmodic laughter and 
masklike face. 

Mena et al. (1969) 
South America (Chile) 

13 Patients diagnosed with chronic 
Mn poisoning 
114 ‘Healthy’ miners 

No exposure data Many physical symptoms and signs consistent with manganism among 13 
patients diagnosed with chronic Mn poisoning. 23/114 ‘Healthy’ miners 
exhibited cogwheel phenomenon. 

Hochberg et al. (1996)
South America (Chile) 

27 Exposed 
32 Non-exposed controls (12 later 
classified as ‘intermediate’ exposure) 

Previous studies indicated 
MnA concentrations of 
62.5–250 

Hand movements evaluated in both groups using a battery of test. Mn exposed 
miners had consistently higher levels of resting tremor frequency and tremor 
amplitude. Action tremor found to greater extent in this group, also impaired 
target acquisition greater. Study provides evidence for effect of Mn exposure 
on hand movements, also evidence to indicate effects do not reverse quickly 
on cessation of exposure. 

Schuler et al. (1957) 
South America (Chile) 

83/370 Miners selected for detailed 
clinical examination (high exposure 
or symptoms of manganese toxicity) 

Short-term static 
0.5–46 

15 Cases of manganism (9 from this survey, 6 subsequent case studies). 
Symptoms included emotional instability, apathy, flight of ideas, asthenia, 
sleep disturbance, muscle pain and fatigability. 

Production of manganese metal and metal alloys 
Production of manganese metal   
Gibbs et al. (1999)* 
North America (USA) 

 
75 Workers, currently or previously 
exposed 
 
75 Controls (non-exposed workers) 

Total 
(0.18)a 
Respirable 
(0.066)a 

No significant differences in neurobehavioural test performance or symptom 
reporting, between groups. 
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Study description 
 

Study population Exposure data 
Air mg/m3  
(unless otherwise 
stated) 
Range (CT) 

Comments 

Kaji et al. (1993) 
Asia (Japan) 

 
54 Exposed 
12 Non-exposed 
examined 1984 (cont to 1989) 

Total static 
0.02–0.46 

No clear pattern in correlation between exposure and postural sway index in 
the 2 groups of workers between 1985–1989. No significant correlation with 
postural sway index and MnB and MnU 

Production of metal alloys   
EC (1997)* 
Europe (Italy) 

154 Exposed workers from  
1 predominantly FeMn plant and 2 
predominantly FeCr plants 
number of studies for each test varied
 
104 Control workers with no 
occupational exposure to metals 
 
Subset of 61 workers with direct Mn 
exposure from FeMn foundry 
51 Controls matched for some 
parameters 
 
 
Subset matched for score on vocab 
test 
37 Directly exposed workers 
37 Matched controls 
 
Follow up after 2y of 22 exposed, 15 
control subjects with ‘abnormal’ 
finding in original study 

FeMn foundry 
0.218–1.628 (0.414)a 
FeCr foundries 
0.006–0.040 (0.014)a 
0.48–0.115 (0.082)a  

Neurological examination, neurophysiological testing (including visual and 
auditory evoked potentials) – no differences between groups. Symptoms 
questionnaire – increased incidence of ‘gastric disorders’ among exposed 
workers. Neurobehavioural and mood state test – no significant difference. 
Vocabulary – lower performance among exposed. 
 
 
 
No significant differences found for neurological examination, the Webster 
scale and neurophysiological tests. ‘Gastric complaints’ and ‘peripheral 
sensory neurological disturbance’ statistically more frequent in exposed 
group. Neurobehavioural and related tests – only significant difference, 
vocabulary test. 
 
No significant differences on neurophysiological testing. Gastric and 
neurological disturbances reported more frequently by exposed groups. No 
differences in behavioural tests but higher levels of depression and fatigue 
reported by exposed 
 
Neurological examination showed that previously abnormal parameters had 
returned to normal, or confirmed minor changes. 

Alessio et al. (1989) 
Europe (Italy) 

14 Exposed 
14 Controls (metal workers not 
exposed to Mn) 

Rotary mill area 
0.4–1.1 
Casting furnace area 
0.05–0.9 

Mean values for serum PRL and cortisol significantly higher in exposed 
group. No significant differences in mean serum FSH and LH 
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Study description 
 

Study population Exposure data 
Air mg/m3  
(unless otherwise 
stated) 
Range (CT) 

Comments 

Mutti et al. (1996) 
Europe (Italy) 

31 Exposed (furnace and 
maintenance areas) 
 
 
34 Workers not exposed to metals or 
chemicals 

Furnace 
0.21–0.98 (0.46)c 
Maintenance area 
0.144–0.560 (0.20)c 

Mean serum PRL significantly higher in exposed subjects than controls. 
Serum PRL positively correlated with MnB and MnU 

Lucchini et al. (1995)*
Europe (Italy) 

58 Workers 
 Furnace (high exposure) 
 Maintenance (medium) 
 Office (low) 

CEI mg/m3.y 
0.59 
0.26 
0.21 

Significantly poorer performance and dose–effect relationship with MnB in 
high exposure group for mental arithmetic, symbol digit, finger tapping and 
digit span. Well-conducted study. 

Lucchini et al. (1999)*
Europe (Italy) 
(Same population as 
Lucchini et al., 1995) 

 
61 Exposed workers (various 
exposure levels) 
87 Controls (hospital workers) 

Respirable 
0.001–0.670 (0.067)a 

Significant differences between groups on tests of tremor and motor function 
and neurobehavioural tests of additions and digit span. Significant association 
between CEI and performance on same tests. No association between MnB or 
MnU and test results. 

Lucchini et al. (1997)*
Europe (Italy) 

 
35 Exposed workers 
37 Controls (non-exposed workers) 

Total 
0.0.26–0.750 (0.193)b 

No difference in psychomotor function (aiming test) between groups, but 
dose–effect relationship between MnB and aiming test score in exposed 
group. No significant difference in olfactory threshold. Well-conducted study 
but small sample size. 

Camerino et al. 
(1993)* 
Europe (Italy) 

150 Exposed 0.006–1.628 No significant findings (compared to reference values) with regard to mood 
and 4 neurobehavioural tests (no psychomotor). 

Saric et al. (1977) 
Europe  
(former Yugoslavia) 
(Appears to use same 
dataset as EPA, 1978) 

369 Ferroalloy workers 
190 Electrode plant workers 
204 Aluminium plant workers 

(0.301–20.4) No correlation between MnA and incidence of neurological disorders. 
Incidence of subjective symptoms did not differ greatly between the 3 groups. 
Overall, prevalence of symptoms lowest in the electrode workers. 
Prevalence of symptoms similar between ferroalloy workers and aluminium 
workers. In only one ferroalloy worker was clinical picture consistent with 
manganism seen. 

Beuter et al. (1994) 
North American 
(Canada) 

11 Patients with Parkinsons disease 
10 Workers formerly exposed to Mn 
11 Controls 

No exposure data Diadochokinesimetry used to identify any differences in performance between 
groups. Significant difference between performance of right and left hands 
seen in exposed group compared with controls. 

Mergler et al. (1994)* 
North America 
(Canada) 

 
74 Exposed workers 
74 Controls 

Respirable 
0.001–1.27 (0.122)a 

Significantly disturbed mood and poorer performance in 3 psychomotor tests 
in exposed workers. Wide variation in MnA exposure levels and no analysis 
of dose–effect relationships. 
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Study description 
 

Study population Exposure data 
Air mg/m3  
(unless otherwise 
stated) 
Range (CT) 

Comments 

Sassine et al. (2003)* 
North America 
(Canada) 
As Mergler et al. 
(1994) 

103 Workers provided blood samples MnB µg/ℓ 
1.6–25.9 (10.5)c 

Further analysis of same study population as Mergler (1994). Interaction 
between MnB and alcohol to produce effects on mood. 

Brown et al.(1991)* 
Africa (South Africa) 

19 High exposed 
20 Low exposed 

9.64–15.58 (10.58)a 
0.05–4.2 (0.81)a 

Significant association with Mn (dust) for one test (geometric design test — 
not psychomotor). No significant association between test scores and MnB. 
Small number of subjects, large number of tests, therefore results may be due 
to chance and should be viewed with caution 

Wang et al. (1989) 
Asia (China) 

 
8 Furnace foremen/maintenance 
workers 
24 Furnacemen 
68 Foundry/other workers 
32 Office workers and others (lowest 
exposure)  

Static total 
~28.8 
 
0.5–1.5 
0.1 

Prevalence of parkinsonian symptoms studied at factory where outbreak of 
parkinsonian symptoms had occurred, ventilation system broken down. 6/8 
Workers in highest exposure group developed parkinsonism diagnosed by 
neurological examination. No case seen in other groups. In general, frequency 
of neurological signs and symptoms related to degree of Mn exposure. 

Huang et al. (1989) 
Asia 
 
 
 
(Followed up in Huang 
et al., 1993 and  
 
Huang et al., 1998) 

6 Subjects with clinical signs of Mn 
toxicity 

Highest concentrations  
~ 28 

Symptoms included bradykinesia, masked face, impaired dexterity, abnormal 
gait, rigidity and, in 3 patients, impotence and insomnia, EEG, EMG, nerve 
conduction studios and evoked potentials all within normal ranges. Cohort 
followed up in two later papers. 
 
One subject died in 1990 of undetermined cause. Clinical parkinsonian 
features symptoms showed progression compared with original study. 
 
Further deterioration of clinical condition, most prominent in gait and rigidity. 

Huang et al. (1990)* 
Asia (China) 

61 Exposed 
61 Controls (non-exposed from same 
plant) 

No exposure data 
provided 

Poorer performance in exposed group 4/6 neurobehaviour tests. More 
negative mood symptoms and neuropsychological symptoms in exposed 
group. 
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Study description 
 

Study population Exposure data 
Air mg/m3  
(unless otherwise 
stated) 
Range (CT) 

Comments 

Hua and Huang 
(1991)* 
Asia (China) 

17 Healthy exposed workers 
4 Exposed workers with parkinsonian 
symptoms 
8 Idiopathic parkinsonian patients 
19 Controls 

>2 Extrapyramidal symptoms in Mn exposed parkinsonian subjects and 
idiopathic Parkinson’s disease subjects — main symptoms bradykinesia and 
rigidity. In both subject groups, computerised tomography scan, EEG, nerve 
conduction velocity studies, brainstem auditory evoked potentials and visual-
evoked potentials normal. 
Wechsler IQ test and neurobehavioural tests — few significant differences 
between groups. Some concerns about bias in study in relation to selection of 
controls, plus small number of subjects. Although results broadly negative, 
study should be viewed with caution. 

Chia et al. (1993)* 
Asia (Singapore) 

 
17 Exposed workers involved in 
grinding and bagging ore 
17 Controls (non-exposed hospital 
workers, age matched) 

Total static 
(1.59)a 

Of 37 subjective symptoms investigated using a questionnaire, only insomnia 
and profuse sweating reported significantly more frequently in exposed 
workers. No difference between 2 groups in clinical examination or nerve 
conduction studies. No neurological signs on clinical examination. 
Significantly poorer performance of exposed workers on 6 neurobehavioural 
tests, 3 related to motor control and 3 related to information processing. 

Chia et al. (1995) 
Asia (Singapore) 

32 Exposed 
53 Controls (workers with no 
neurotoxic exposure) 

(1.59) No abnormalities in clinical examination in either group. No significant 
differences in postural sway noted between the 2 groups with eyes open. With 
eyes closed some significant differences in postural sway between groups, 
with Mn exposed workers having poorer postural stability than controls. 

Chemical production 
Roels et al. (1987a)* 
Europe (Belgium) 

 
141 Exposed 
104 Controls 
(chemical plant workers) 

Total 
0.07–8.61 (1.33)a 

4 Symptoms (fatigue, tinnitus, trembling fingers, increased irritability) and 
one neurological sign (rigidity of trunk) more prevalent in exposed workers. 
Significantly poorer performance on 5 neurobehavioural and 2 psychomotor 
tests in exposed group. Dose–effect relationship between MnB and eye–hand 
co-ordination. Well-conducted study with some evidence for early signs of 
intoxication with <20 years’ exposure at around 1 mg/m3. 

Crump and Rousseau 
(1999)* 
Europe (Belgium) 
(Same population as 
Roels et al., 1987a) 

213 Exposed  
(including 114 tested by Roels et al., 
1987a) 
 

(11–15)a Results of 11 year follow-up between 1985–1996 performed as routine health 
surveillance. Significant decrement in performance in hand steadiness test 
consistent over time. For most tests no consistent decrease in performance 
over time. May have been a ‘survivor’ effect. 
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Study description 
 

Study population Exposure data 
Air mg/m3  
(unless otherwise 
stated) 
Range (CT) 

Comments 

Kawamoto and Hanley 
(1997)* 
North America (USA) 

78/119 Eligible participants (current 
and previous EMD plant employees) 

Total 
0.05–0.44 (0.16)b 

Workers categorised based on highest exposure category ever, or duration of 
employment in highest exposure category (Production). No association 
between work at EMD plant and symptoms (tiredness, sleeping more than 
usual, muscle aches or cramps), sign of tremor or symptom indices for 
concentration, memory or anxiety. Neck rigidity and bradykinesia seen only 
in workers with >15 years in ‘Production’, numbers too small to allow 
analysis. Work in FeMn furnace departments contributed significantly to 
symptom indices for motor function, concentration and memory. Interaction 
found between work in FeMn furnace departments and smoking at work for 
symptom index of motor function (with number of years in ‘Production’ as 
exposure variable). 

Steel production 
Wennberg et al.(1991)
Europe (Sweden) 

30 Exposed from 2 smelter works 
60 Control workers 

0.03–1.62 
(0.18)a (0.41)a 
(means at the two plants 
respectively) 

Non significant increase in abnormal EEG, impairment of diadochokinesis, 
and differences in event-related auditory potentials and brain-stem auditory 
evoked potentials in exposed compared with controls. 2 Symptoms (reduced 
libido and increased tiredness) significantly higher frequency in exposed 
group. 

Iregren (1990)* 
Europe (Sweden) 
(Apparently same 
cohort as Wennberg et 
al., 1991) 

30 Exposed foundry workers 
30 Controls (matched workers, non-
exposed) 

0.02–1.4 (0.25)a Significantly poorer performance in simple visual reaction time and finger 
tapping speed (dominant hand only) in exposed group. 

Arlien-Søborg and 
Raffin (2003)* 
Europe (Denmark) 

67 Former steelworkers referred to 
clinic because of neuropsychiatric 
symptoms 

Dust 0.009–4.08 
Fume 0.0001–0.06 

High symptom reporting. Neurological signs in 72.6%. Cognitive impairment 
in 79%. 

Whitlock et al. (1966) 
North America (USA) 

2 Patients 2.3–4.7 
0.1–4.5 
(Results from 2 different 
methods) 

Clinical case studies of 2 patients with neurological symptoms who worked in 
the same manganese steel plant. 
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Study description 
 

Study population Exposure data 
Air mg/m3  
(unless otherwise 
stated) 
Range (CT) 

Comments 

Other metal smelting processes 
Lander et al. (1999) 
Europe (Denmark) 

24 Exposed furnacemen 
Foundry 1 
 
 
 
 
Foundry 2 
 
Foundry 3 

 
Total 
0.007–0.064 (0.039)a 
Respirable 
0.005–0.022 (0.027)a 

Total 
0.002–0.008 (0.005)a 
No data 

Slight CNS symptoms in 2 subjects (medical interview), both with high MnB. 
6 Months later (following reduction/cessation Mn exposure) symptoms 
resolved, MnB levels also decreased. 

Fabrication (including welding) 
Sjögren et al. (1990)* 
Europe (Sweden) 

282 Welders 
68 Exposed to Mn alloy 

No data Mn exposed subjects with >2 years’ fulltime exposure, OR for 3 or more 
symptoms, 6.25 

Sjögren et al. (1996)* 
Europe (Sweden) 

 
12 Exposed welders 
39 Control welders with minimal Mn 
exposure 

MnBµg/ℓ 
5–14 (8.5)c 
2–16 (7.0)c 

Significantly more peripheral nervous system, sensory and motor and sleep 
disturbance symptoms among exposed than non-exposed groups. No 
significant difference in EEGs between the groups. Some significant 
differences in event related auditory evoked potentials seen between exposed 
and control groups. No difference in brainstem auditory evoked potentials or 
diadochokinesis between the groups. No lowered threshold of olfactory 
perception in the Mn exposed workers. Mn exposed welders performed 
significantly less well than referents in finger tapping test, pegboard test and 2 
tests measuring motor speed and co-ordination. MnB was similar for exposed 
and control groups, sample size small. 

Sinczuk-Walczak et al. 
(2001) 
Europe (Poland) 

62 Welders and fitters 
13 Battery production workers 
62 Age-matched controls (no 
chemical exposure) 

0.004–2.667 (0.399)a 
0.086–1.164 (0.338)a 

Increased frequency of increased emotional irritability, sleepiness, paresthesia 
among Mn exposed workers (both occupations taken together). No indication 
of organic nervous system lesions on neurological examination. No significant 
difference in frequency of abnormal EEGs between the exposed and controls. 
Some significant differences in certain parameters of visual evoked potentials 
between exposed and controls. Some components of visual evoked potentials 
significantly correlated with cumulative Mn exposure. 
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Study description 
 

Study population Exposure data 
Air mg/m3  
(unless otherwise 
stated) 
Range (CT) 

Comments 

Barrington et al. 
(1998)* 
North America (USA) 

Index case plus 7 other exposed — 
mild steel welders, machinists, 
maintenance workers 
8 Age-matched controls 

MnBµg/ℓ 
(1.2)a 

Orthostatic hypotension observed in index case diagnosed with manganese 
encephalopathy. Examination of possible association between cardiovascular 
autonomic response and neurological dysfunction. Psychiatric examination 
scores elevated 2/8 subjects, indicative of organic brain dysfunction. Some 
significant differences between subjects and controls in EEG measurements 
related to heart rate variability, indicating disturbed autonomic control. Owing 
to small sample, size and the nature of the sample, results should be viewed 
with caution. 

Chandra et al. (1981) 
Asia (India) 

 
20 Plant A welders 
20 Plant B welders 
20 Plant C welders 
20 Controls (‘healthy volunteers’) 

Total static 
(0.31)a 
(0.57)a 
(1.74)a 

Abnormal neurological signs (tremors, brisk deep tendon reflexes of 
extremities) among 5, 10 and 9 welders from Plants A, B and C, respectively. 
Duration of employment was not related to neurological signs. Authors 
assumed workers with signs suffering from early Mn poisoning. 

Kim et al. (1999) 
Asia (South Korea) 

 
89 Exposed  
 Welding (34) 
 Smelting (39) 
 Welding-rod manufacture (16) 
16 Non-exposed manual 
16 Non-exposed clerical workers 
from above environments 

Total 
 
0.1–1.56 (0.53)b 
0.08–1.4 (0.14)b 
0.02–0.42 (0.15)b 

No significant differences between the groups in haematological or liver 
function parameters. PI significantly higher in the exposed group than the 
non-exposed non-manual group. Positive correlation between MnB and PI. 
No significant clinical signs of Mn toxicity seen in any subject. Changes in 
MRI scans consistent with Mn exposure were seen in 46.1% of exposed 
workers, 18.8% of non-exposed manual workers and of non-exposed non-
manual workers. 

Battery manufacture 
Roels et al. (1992)* 
Europe (Belgium) 

 
92 Exposed workers 
101 Age-matched worker controls 

Respirable 
0.021–1.317 (0.2)b 

No significant differences in FSH, LH and PRL between exposed and 
controls. Some significant differences between groups in reaction time test, 
eye–hand co-ordination test and hand steadiness test, poorer performance 
among exposed group. Dose–effect relationship with CEI for one test. Higher 
prevalence of symptoms in exposed group. 

Roels et al. (1999)* 
Europe (Belgium) 
(Same populations as 
Roels et al., 1992) 

92 Exposed workers (34 by end study 
period) 

(0.40–2.00)b 
Range of means for 
different exposure groups 

8-Year longitudinal investigation, during which time Mn exposure decreased. 
Improvement in precision of hand–forearm movement, one component of the 
eye–hand co-ordination test. No other improvement in test outcomes in 
relation to decreased Mn exposure. High quality study. Some evidence that 
certain aspects of neurobehavioural impairment reversible, while others not. 
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Study description 
 

Study population Exposure data 
Air mg/m3  
(unless otherwise 
stated) 
Range (CT) 

Comments 

Dietz et al. (2001) 
Europe (Germany) 

90 Workers (58 male, 32 female) 
11 Male high exposed 
11 Matched controls 

0.137–0.794 (0.387)a No clinical symptoms or signs of parkinsonism. Visual evoked potentials, 
nerve conduction tests and EEGs — no significant differences between two 
groups. PI significantly increased among exposed. Positive correlation 
between MnB and PI, and CEI and PI among exposed. 

Ihrig et al. (2003)* 
Europe (Germany) 

Exposed (58 male, 32 female) MnBµg/ℓ 
3.2–25.8 (11.5)c 

Significant association between CEI and 3 tests (1 psychomotor) 

Emara et al. (1971) 
Africa (Egypt) 

36 exposed 
Unpacking 36.6–45.7 
(42.2)a 
Sieving: 37.2–43.8 
(40.2)a 
Mixing: 28.9–32.8 
(32.6)a 

Compressing: 6.2–7.2  
(6.8)a 

 8/36 Surveyed had neuropsychiatric manifestations of Mn toxicity (6 chronic 
psychosis, 1 left hemiparkinsonism, 1 left choreo-athetosis). EEG abnormal in 
2/8. 

Agricultural products (production and use) 
Ferraz et al. (1988) 
South America 
(Brazil) 

 
50 Exposed (contact with Maneb for 
at least 6 months) 
19 Controls (workers with no 
exposure to Maneb) 

MnBµg/ℓ 
(0.077)a 
 
(0.088)a 

Some neurological symptoms and signs associated with Mn toxicity 
significantly more prevalent in exposed than controls. No data to suggest 
increased risk of manganism related to age or ethnic group. Control group was 
not well-matched to the exposure group (age or ethnicity). 

Pigment, paints and glass  
Deschamps et al. 
(2001)* 
Europe (France) 

 
138 Exposed 
137 Matched controls 

Respirable 
0.0010–0.293 (0.06)a 

No significant differences between exposed and controls on clinical 
neurological examination or in neurobehavioural test. Significantly higher 
prevalences of symptoms (asthenia, sleep disturbance, headache) among 
exposed. 

Other occupational (inc. multi-industry and unknown sector) 
Amr et al. (1993)* 
Africa (Egypt) 

47 Exposed 
300 Controls 

6.82–30.21 27.7% of Mn exposed workers and 80% of controls symptoms free. No 
statistical analysis on symptoms data. 
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Study description 
 

Study population Exposure data 
Air mg/m3  
(unless otherwise 
stated) 
Range (CT) 

Comments 

Non-occupational exposure 
Mergler et al. (1999)*,
Bowler et al. (1999) 
North America 
(Canada) 

273 Community sample 
151 women, 122 men 

MnBµg/ℓ 
2.5–15.9 (7.3)c 

13 Neurobehavioural tests (5 psychomotor), plus symptoms. Higher symptom 
prevalence and poorer performance in 2 tests (1 psychomotor) associated with 
higher MnB. Interaction between higher MnB and age. 

Sassine et al. (2002)* 
North America 
(Canada) 
(Same population as 
Mergler, 1999) 

253 Community sample 
(124 men, 129 women) 
Only current drinkers responding to 
all questions on alcohol use included 

MnBµg/ℓ 
2.5–15.9 (7.6)a 

Significant association between psychological distress and risk of alcohol 
abuse in those with higher MnB. 

*Studies including investigations of neurobehavioural effects (n = 28) are marked with an asterisk 
aarithmetic mean; bgeometric mean 
CEI, cumulative exposure index; CT, central tendency; EEG, electroencephalogram; EMD, electrolytic manganese dioxide; EMG, electromyography; EPA, US Environmental Protection Agency; FeCr, ferrochrome;  
FeMn, ferromanganese; FSH, follicle stimulating hormone; LH, luteinising hormone; Mn, manganese; MnA, manganese in air; MnB, manganese in blood; MnU, manganese in urine; MRI, magnetic resonance imaging;  
PI, pallidal index; PRL, prolactin  
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A subsequent cohort study investigated cancer incidence among male workers in the four Norwegian 
ferromanganese/silicomanganese plants (Hobbesland et al., 1999). Among men first employed 
between 1933–1991, with at least 6 months’ employment in these plants, the incidence of cancers was 
followed up between 1953–1991. The overall median duration of employment was 5.7 years. The 
final cohort, which comprised 6363 men, was studied for 153 565 person-years. Observation 
continued until the date of death, emigration, occurrence of two primary cancers (in the study of total 
cancers) or the end of the study. No data on manganese exposure concentrations were presented. In 
calculating SIRs, national male 5-year age-specific cancer rates were used for each year of the study. 
Among the 6363 subjects, a total of 596 cases of cancer were expected and 607 cases were observed 
in 575 men (SIR, 1.02; 95% CI, 0.94–1.10). Analyses of cancer incidence could not be related to 
individual smoking habits owing to lack of information. Overall cancer incidences were significantly 
increased among men first employed before 1953 (SIR, 1.14; 95% CI, 1.03–1.26) and among men 
with a duration of total employment of 20 years or more (SIR, 1.16; CI, 1.01–1.35). Among 3122 
furnace workers, increased incidences of cancer were found for nose and accessory sinuses 
(SIR, 4.23; 95% CI, 1.15–10.8) and other and unspecified sites (SIR, 1.85; CI, 1.13–2.85). An 
increased incidence of all cancers was found for furnace work of 20 years or more 
(SIR, 1.39; CI, 1.07–1.76). Among 2427 non-furnace workers, increased incidences of cancer  
of the pancreas (SIR, 1.91; CI, 1.07–3.15), larynx (SIR, 2.60; CI, 1.12–5.13) and pleura 
(SIR, 6.29; CI, 2.04–14.7) were found. Further analysis of results in non-furnace workers employed 
from 1953 onwards indicated an incidence of cancer during active person time that was lower than 
expected (SIR, 0.24; CI, 0.07–0.61). This result could not be explained by the authors. The authors 
concluded that the study could not identify any causal factors that might explain their results, and that 
the role of manganese remained unclear. 

7.2.6.2 Pigments, paints and glass 
A Swedish epidemiological study investigated the risk of death from cancer among workers in the 
glasswork industry (Wingren & Axelson, 1993). In total, the authors had access to mortality data for 
5499 men in 11 parishes, of whom 888 were glass workers, aged 45 or older at the time of death. (It is 
not clear whether ‘glassworkers’ included only those employed as such at the time of death or former 
or retired glassworkers as well.) Occupational exposures included arsenic, copper and nickel, as well 
as manganese. Responses to questionnaires on the amounts of ten metals used at the glassworks in the 
1960s and at the time of the study were received from 7 out of 13 glassworks currently in production, 
thus reducing the number of subjects for analysis to 3523. Referents were men who had died from 
causes other than cancer or cardiovascular disease. (It is not clear how many of these were 
glassworkers. Furthermore, some of the glassworkers may have resided in parishes other than the one 
were their glassworks was located.) For each of the metals studied, the glassworks were divided 
qualitatively into three categories of consumption of the metal: none of the metal used; small amounts 
of the metal used; or large amounts of the metal used. Non-glassworkers in the area were regarded as 
unexposed. There was a dose-related association between stomach cancer and exposure to arsenic, 
copper and nickel, also an increased association between lead exposure and stomach cancer in the low 
and high consumption categories, compared with the population not employed in glassworks. For 
manganese exposure, in the ‘low consumption’ category, the odds ratio was 2.7 (95% CI, 1.7–4.3) and 
in the ‘high consumption’ category the odds ratio was 1.6 (95% CI, 1.0–2.9). In the ‘no consumption’ 
category the odds ratio was 0.8 (95% CI, 0.4–1.6). Hence, there appeared to be some increased risk of 
stomach cancer in association with manganese exposure, although the data were ambiguous in terms 
of any dose relationship. For colon and lung cancer, manganese exposure did not appear to have a 
correlation. Some measurements of air concentrations of manganese were made in connection with 
this study (number of measurements, when or where taken, not specified); manganese was not 
detectable (less than 0.001 mg/m3). Higher levels may have occurred historically. Hence, no specific 
data were provided on either the concentrations of manganese that the subjects of the study might 
have been exposed to or duration of exposure. It was suggested that the increased risk of cancer 
amongst glassworkers, especially gastrointestinal cancers in glassblowers, might have been related to 
ingestion rather than inhalation of the causative agent. There are several flaws in the way that this 
paper is written, which limit its usefulness in determining an epidemiological answer to the question 
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of the potential effects of metals exposure associated with glassblowing on the incidence of cancer. It 
is also dubious that the results of this study can be applied to manganese exposed workers in other 
occupational sectors. 

7.2.6.3 Fabrication (including welding) 
There has been one reported study of genotoxic effects in workers occupationally exposed to 
manganese (Elias et al., 1989). In this study, there was an increase in chromosomal aberrations in 
peripheral blood lymphocytes of welders. However, these workers were exposed to other toxic 
substances, such as nickel, which is known to cause such abnormalities; thus, no overall conclusions 
can accurately be drawn from this study.  

7.2.6.4 Non-occupational exposure 
A Japanese study reported six cases of prostate cancer in 10 years in a village located close to 
manganese mines between 1970 and 1980. The observed frequency was approximately ten times the 
expected frequency of 0.62 (derivation of the expected rate unclear). The authors could detect no 
other distinguishing feature of the village that might have lead to the increased incidence of prostate 
cancer (Watanabe et al., 1981). 

7.2.6.5 Synopsis on carcinogenicity and genotoxicity in humans 
Studies are summarised in Table 7.10. The study from Hobbesland et al. (1999) provides some 
evidence of an association between manganese exposure and some types of cancer. However, for 
workers involved in certain types of employment involving manganese exposure there appeared 
to be a reduced risk of cancer. One study suggested an increased risk of stomach cancer in 
glassworkers in relation to manganese exposure (Wingren & Axelson, 1993). However, there 
were several other associated occupational exposures, including exposure to known carcinogens, 
that could have had some impact on the findings. The Japanese study by Watanabe and 
colleagues (1981), which noted an increased incidence of prostate cancer in an area close to 
manganese mines, may indicate an area of interest for future studies on the role of manganese in 
carcinogenicity. 

7.2.7 Reproductive effects 
Few studies have investigated any potential link between fertility and manganese exposure. Two 
studies have investigated male fertility. No study on the effects of manganese exposure on female 
fertility has been identified. In the following two studies, the positive outcome recorded is a live birth 
to the wife of a male manganese worker. 

7.2.7.1 Chemical production 
The fertility of male workers exposed to manganese dust was assessed by means of a questionnaire 
survey (Lauwerys et al. 1985; see also Section 6.1.2.3). The study was undertaken to investigate 
suggestions that exposure to manganese could affect human reproductive capacity. A total of 85 male 
workers exposed to manganese in a Belgian factory producing manganese salts was studied. The 
control group comprised 81 male factory workers not exposed to manganese and from the same 
geographical area as the manganese salts factory. Data were obtained on age of subject, age of wife, 
age of wife at marriage, smoking of the subject, alcohol consumption, education level of subject and 
wife, whether the wife had a job, and whether a child was desired. The only parameter that appeared 
statistically significant was that of the educational level of the wives; in the exposed group there were 
significantly more wives in the category of fewer years educational duration than in the controls. The 
airborne concentration of manganese during the whole work shift ranged from 0.07 to 8.61 mg/m3 
(GM, 0.94 mg/m3). Only current, and not previous, exposure concentration data were available. 
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Table 7.10 Summary of key studies for carcinogenicity 

Study description 
Further exposure 
data1 

Study population Exposure data 
 

Comments 

Production of alloys    
Kjuus et al. (1986) 
Europe (Norway) 

3961 Exposed 
SIRs based on 5-year age-specific 
incidence rates for total Norwegian 
male population 

No exposure data No increased incidence of cancer found amongst exposed workers. 

Hobbesland et al. 
(1996) 
Europe (Norway) 

3086 Mn exposed furnace workers in 
4 FeMn/SiMn plants 
SMRs based on 5-year age-specific 
mortality rates for total Norwegian 
male population 

No exposure data Historical cohort study investigating disease in ferroalloy workers. No 
increased mortality due to cancer in male furnace workers from four 
FeMn/SiMn factories. 

Hobbesland et al. 
(1999) 
Europe (Norway) 

6363 Exposed furnace and non-
furnace workers in 4 FeMn/SiMn 
plants 
SIRs based on 5-year age-specific 
cancer rates for Norwegian male 
population 

No exposure data No increased incidence of cancer. Overall cancer incidence significantly 
increased in men first employed before 1953, and men with a total 
employment duration of ≥20 years. Among 3122 furnace workers increased 
incidence of cancer of nose and accessory sinuses and other unspecified sites. 
Increased incidence of all cancers for furnace work of ≥20 years. Among 
2427 non-furnace workers, increased incidence for cancer of pancreas, larynx 
and pleura. 

Pigment, paint and glass  
Wingren and Axelson 
(1993) 
Europe (Sweden) 

Up to 888 male glassworkers (age at 
death ≥45 years) 
Reference group was male non- 
glassworkers aged 45 or older at 
death, living in same parishes as 
exposed group 

No accurate exposure data
Exposed workers 
classified into 3 groups 
(none, low, high) based 
on usage of a metal by the 
plant at which they were 
employed 

Epidemiological survey of causes of death in glassworkers exposed to 
manganese and other metals. Association found between stomach cancer and 
exposure to manganese (also seen with exposure to other metals such as 
arsenic, copper and nickel). No association found between manganese 
exposure and colon or lung cancer. 

FeMn, ferromanganese; SiMn, silicomanganese; SMR, standardised mortality ratio; SIR, standardised incidence ratio 
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Duration of exposure to manganese ranged from 1 to 19 years, with a mean of 7.9 years. The period 
of fertility was estimated as the time between marriage and the time of examination, or the 
45th birthday of the subject’s wife, if the wife was over 45 at the time of the study. The number of live 
births to the wives of exposed subjects, during the period of exposure, was significantly lower than 
expected among workers aged 16–25 and 26–35 years, but not among those aged 36–45 years. There 
was no difference in sex ratio (of the children) between the exposed and control groups. There was no 
indication that other factors besides manganese exposure might have accounted for the fertility 
difference between the two groups. The authors concluded that the exposure to manganese in the 
surveyed factory workers could have influenced fertility. The authors suggested that the difference in 
educational level of the wives would indicate a lower fertility in the controls, which would tend to 
mask the influence of manganese exposure in reducing fertility. It should be noted that only workers 
who were currently married and in their first marriage were included; excluded were men who were 
single (never married), divorced/separated or widowed, even if they had subsequently remarried. 
Furthermore, no data were given on the marital history of the wives, who may have been in a second 
or subsequent marriage that was a first marriage for the husband, or on the use of contraception. Only 
Belgian subjects were included. Other factors that might have affected fertility, such as smoking 
habits and parity of the wives, were not investigated. The questionnaire was applied only to the men 
themselves; there is no mention of whether the wives participated in completing the questionnaire. 
Presumably the study was primarily concerned with the effects of manganese exposure in the male on 
the ability to impregnate his partner, and also on the effects of paternal manganese exposure on the 
outcome of the pregnancy. However, it is not clear how manganese exposure in the father could exert 
an influence on the outcome of pregnancy following successful conception.  

7.2.7.2 Battery manufacture 
Lauwerys and colleagues undertook a further study on the possible influence of manganese exposure 
on male fertility using a similar design to that of the earlier study. Gennart et al. (1992) conducted a 
questionnaire survey into reproductive effects of manganese exposure on Belgian male blue-collar 
workers. The 70 manganese workers that met the criteria for inclusion were exposed to manganese 
dioxide in a dry alkaline battery plant. Workers were employed in the mixing room or the 
manufacturing room. The median concentration for airborne manganese was 0.18 mg/m3 for 
respirable dust and 0.71 mg/m3 for total dust. Mean duration of exposure was 6.2 years (range  
1.7–17.7 years). The control population comprised 138 male factory workers from the same region, 
not exposed to manganese. As in the earlier study, non-Belgian workers were excluded. The study 
was less clear regarding the marital circumstances of participants. Subjects had to have been married 
at least once, therefore excluding single (never married) workers; widowed, divorced and separated 
men were also excluded. A questionnaire was completed by the subjects in order to determine the 
fertility of the worker, the dependent variable was the occurrence or absence of a live birth during the 
year of fertility. The person-year of fertility was each year between the date of marriage and the date 
of examination, or the 41st birthday of the worker’s wife. No statistically significant influence of 
manganese exposure on the probability of a live birth was found, using a logistic regression model. 
The study has some similar limitations to the previous study. However, some other variables, such as 
parity and information on any previous live birth, were included in the latter study. The authors 
suggest that the lack of an influence of manganese exposure in this study, in contrast to the earlier 
study, may have been due to the fact that workers in the first study had absorbed more manganese; 
this would be supported by the differences in geometric mean blood and urinary manganese values, 
which were both higher in the earlier study. The authors attribute an increased absorption of 
manganese in the first study to the higher solubility of manganese salts, compared with that of the 
manganese dioxide, to which the workers in the second study were exposed. 

7.2.7.3 Synopsis on reproductive effects in humans 
The two available studies on male fertility appear to give conflicting results; however, the 
difference in solubility of the different forms of manganese that the two groups of workers were 
exposed to could account for this. The methodology used in both studies has some limitations. It 
is very difficult to investigate the effects of exposure on male fertility in an individual man by 
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using, as the outcome, the birth of a live baby to the man’s wife. The fertility of the wife will 
clearly affect the outcome, as will many social, sexual and health factors, and it is difficult to 
control for so many variables between groups. In order to investigate more fully the effects of 
manganese exposure on male fertility, further studies would be of benefit, possibly investigating 
other endpoints such as semen quality and quantity, levels of sex hormones, libido/sexual 
performance, rate of conception amongst the partners, rate of miscarriage and stillbirth, plus 
abnormalities in live births, as these are all outcomes of interest in this area of investigation. 

Three of the studies described in the section on neurotoxic effects (Section 7.2.5) investigated the 
effects of manganese exposure on serum prolactin levels (Alessio et al., 1989; Roels et al., 1992; 
Mutti et al., 1996). While two of the studies (Alessio et al., 1989; Mutti et al., 1996) found a 
significant increase in serum prolactin in manganese exposed subjects, the third did not (Roels 
et al., 1992) It is feasible that raised prolactin concentrations might have an effect on male 
fertility and sexual function, as hyperprolactinaemia in men may be associated with decreased 
sex drive, impotence and reduced sperm production. However, no study addressing this 
question directly, in relation to occupational manganese exposure, has been identified. 

7.3 Toxicodynamics in experimental systems 
7.3.1 Introduction 
This section reviews toxicological studies in vivo and in vitro. Studies on the effects (other than 
immunotoxicity) of single exposures are summarised in Section 7.3.2 and studies on general toxicity 
(including irritancy) following repeated exposures are reviewed in Section 7.3.3. Other studies, 
generally on repeated exposures, are grouped according to the principle toxic endpoints — 
immunotoxicity, neurotoxicity, mutagenicity, genotoxicity and carcinogenicity, and reproductive 
toxicity (Sections 7.3.4–7.3.7). Each section includes, where appropriate, in vivo studies, subdivided 
by route of exposure (inhalation, intratracheal, oral (including dietary), dermal, parenteral and by 
species (primates, dogs, rabbits, rats, mice, guinea pigs) and in vitro studies. 

7.3.2 Effects following single exposure 
7.3.2.1 Inhalation exposure 
Since the inhalation route is considered to be the principal route of occupational exposure of humans, 
experimental inhalation studies are of clear importance in assessing the potential hazard posed by 
manganese to humans in occupational settings. However, a review of the published literature failed to 
identify any study on the acute lethality of manganese or manganese-based compounds following 
exposure in air.  

Although not identifying acute lethal effects or an LD50 or LC50, two papers reported a number of 
changes in mice following a single 2-hour exposure to an atmosphere containing manganese (II,III) 
oxide (Mn3O4). In the first (Adkins et al., 1980a), head-only exposure of 4- to 6-week old female  
CD-1 mice to Mn3O4 particles of 99% purity at a manganese concentration of 1.837 mg/m3 (range 
1.583–2.599 mg/m3; average MMAD, 1.40 ± 0.09 µm) for 2 hours, resulted in no death over a 15-day 
observation period. The achieved pulmonary manganese concentration at the end of the exposure 
period was found to be 21.70 ± 2.10 µg/g dry weight of tissue, although this was noted to fall to close 
to the control level of 2.00 ± 0.07 µg/g dry weight within 24 to 48 hours. Comparison of wet to dry 
organ weights (as a marker of oedematous change) revealed significant, but transitory, effects in the 
lungs (at the end of the exposure period), in the spleen (after 24 hours) and in the liver (after 24 and 
48 hours). In an associated study (Adkins et al., 1980b) examining pulmonary cells obtained by 
bronchiolar lavage from mice exposed under similar conditions to those described above, the authors 
reported the effect of manganese oxide exposure at a manganese level of 0.897 mg/m3. (Pulmonary 
manganese levels were not determined in this study.) Significant reductions in cell numbers and total 
protein content and increases in acid phosphatase activity and adenosine triphosphate level were noted 
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in the pulmonary cells of exposed mice. Minor variations in cell viability, phagocytic capacity and in 
the protein content of the supernatant failed to attain statistical significance, and cellular lactate 
dehydrogenase activity and supernatant protein content were unaffected. In each of these studies, 
although most aspects were described in detail, reporting of dosimetry and statistical techniques was 
unclear. 

In addition, studies have been conducted on the effects of manganese-containing emissions from 
welding processes. However, interpretation of these studies in terms of manganese toxicity must be 
approached with caution owing to the complex chemical nature of the gaseous and particulate product 
mixtures released. 

Al-Shamma et al. (1983) studied the effect on Wistar rats of a 4-hour inhalation exposure to the 
fumes and gases released by a welding electrode. Analysis of fume particles showed 3.8 ± 0.2% 
manganese, 16.53 ± 1.1% silicon dioxide and 20.37 ± 1.8% iron, by weight; the exposure atmosphere 
generated also contained greater than 10 ppm nitrous fumes, 5–6 ppm hydrogen fluoride and  
10–12 ppm carbon monoxide. Significantly increased lung weights relative to body weight were noted 
over the first 28 days of the study, although the effect was greatest on the first day after exposure. 
Histopathologically, acute pneumonitis and oedematous changes were noted immediately and one day 
after exposure; collagen-surrounded nodules composed of particles and particle-laden macrophages 
were observed later during the 60-day observation period. The paper also reported a significant 
increase in pulmonary hydroxyproline levels for up to 10 months following intratracheal instillation of 
50 mg of fume particles to rats. 

As part of a well-reported study in which adult male SPF Sprague-Dawley rats were exposed for 
90 days to welding fumes freshly-generated from a stainless-steel manual metal arc welding process, 
subgroups of animals were killed after an initial 2-hour period of exposure to fumes at concentrations 
of 57–67 or 105–118 mg/m3 (containing 1.4–1.8 or 2.7–3.3 mg/m3 of manganese, respectively; Yu et 
al., 2001). The acute exposure appeared to be well tolerated; there was no change in organ weights 
and histopathological examination showed only particle laden macrophages in the small bronchioles. 
Detailed methodology and other results are reported in Section 7.3.3.1. 

7.3.2.2 Intratracheal administration 
No study on the acute lethality of manganese using the intratracheal route was identified. A number of 
studies have investigated the longer-term consequences of a single intratracheal administration of 
manganese-containing compounds. 

Roels et al. (1997) examined bronchiolar lavage fluid from rats 1 or 7 days after a single intratracheal 
administration of manganese (as MnCl2 or MnO2) at a dose of 1.22 mg/kg bw (resulting in a blood 
manganese level of 70.5 µg/ℓ, 30 minutes after dosing); neither total nor differential cell counts were 
affected.  

The effect on tracheobronchiolar lymph node pathology of a single intratracheal administration of a 
solution containing 50 mg of manganese dioxide particles (<5 µm) was studied in female guinea pigs 
sacrificed at intervals between 24 hours and 180 days after dosing (Shanker et al., 1976); a control 
group received physiological saline alone. Small foci of, generally, extracellular particles appeared in 
the cortical and medullary regions of the lymph nodes from 7 days after dosing. Particle density 
slowly increased, such that by day 90 there were large collections of dust-laden macrophages 
obliterating the medullary sinuses. Subsequently, some macrophages showed degenerative changes, 
and eosinophil infiltration and fibrosis were detected. 

Evidence of systemic change following intratracheal administration was reported by Khandelwal et al. 
(1981). Analysis of blood samples from adult male rabbits, at monthly intervals for 10 months, 
following a single intratracheal administration of manganese dioxide particles (200 mg/kg bw; 
<5 µm diameter), showed a significant increase in serum cholesterol after the first month, by which 
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time plasma manganese levels were reported as being similar to control levels. A significant decrease 
in serum alkaline phosphatase activity was noted from 2 months, while haemoglobin content was 
significantly decreased for up to 4 months after administration. However, the results of this study 
cannot be confidently interpreted owing to poor reporting of the experimental design and confusing 
and incomplete reporting of the results, in particular on the structure of the control group and the basis 
for statistical comparisons. 

In another study, male rabbits were given single intratracheal doses of manganese dioxide particles 
(400 mg/kg bw; <5 µm) in physiological saline or physiological saline alone; subgroups were bled 
and examined at 60-day intervals over a 240 day study period (Chandra et al., 1973a). From 60 days 
after dosing, rabbits given manganese dioxide showed a significant decrease in serum alkaline 
phosphatase activity, while reduced serum inorganic phosphate and increased serum calcium were 
noted from days 120 and 180, respectively. Although no changes in parathyroid or bone pathology 
were observed, renal congestion, involving the glomeruli, and necrosis of the proximal tubular 
epithelium were apparent at day 60. Although the congestion had reduced by day 120, proximal and 
distal tubular necrosis was evident, and subsequent examinations showed necrosis with associated 
inflammatory and fibrotic changes. 

In a study of male rabbits, the size of testes in treated animals was significantly less than that of 
controls 4 months after a single intratracheal administration of manganese (as MnO2; 250 mg/kg bw; 
Chandra et al., 1973a). Histopathological examination of testes of treated rabbits showed slight 
interstitial oedema and vascular engorgement and degenerative change in 30% of the seminiferous 
tubules. By 8 months after dosing, progressive testicular damage was noted, including disorganisation 
of the tubular structure and interstitial and capsular changes. Biochemical investigations at this time 
revealed treatment-related reductions in the activities of succinic dehydrogenase and acid phosphatase 
and in the level of adenosine triphosphate. 

In a complex study reported in considerable detail, 0.5 mg of metal arc welding-fume particles 
suspended in saline were instilled into the tracheobronchial tree of sheep with surgically prepared 
lung lymph fistulas (Näslund et al., 1990). Particles were mainly less than 1 µm in diameter and the 
dose selected was stated by the authors as being equivalent to the average welder’s exposure to fumes 
over a 3-hour work period. At regular intervals before dosing and for 4 hours after dosing, lymph flow 
and plasma and lymph protein content were monitored, and haematological profiles and pulmonary 
functions were assessed. Effects seen in the acutely exposed animals included a significant increase in 
mean pulmonary arterial pressure, peaking at 30 minutes after dosing but remaining above baseline 
throughout the observation period, variations in the partial pressures of oxygen and carbon dioxide, 
and progressive increases in haematocrite and leukocyte counts. Mean aortic pressure, cardiac output, 
lymph flow, plasma:lymph protein ratios, platelet counts and extravascular lung water were 
unaffected. Pulmonary biopsies from one exposed sheep revealed only the presence of particles in the 
bronchi and alveoli. Although many types of metal oxide were detected in the fume particles, iron 
constituted the largest proportion, at 14.1%; manganese was the next most common, at 4.0%. Analysis 
of pulmonary metal content demonstrated that, while iron and magnesium showed slight 
accumulation, manganese was present at levels greater than 40 µg/kg (data presented graphically; i.e. 
approximately 40-times the level found in the controls).  

7.3.2.3 Oral administration 
A number of early studies reported the acute oral toxicity of various manganese compounds. These 
have been extensively reviewed previously, and the data presented in Table 7.11 have been derived 
from WHO (1981). 

More recently, LD50 values for manganese chloride (MnCl2 4H20) and manganese dioxide (MnO2) 
given by oral gavage to juvenile male Sprague-Dawley rats of 1485 mg/kg and >3476 mg/kg 
(calculated from stated doses of 7.5 (7.0–8.1) and >40 mmol/kg bw), respectively, have been reported 
(Holbrook et al., 1975). Although the methodology employed was poorly reported, it was noted that a 
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14-day observation period was employed. An investigation of the acute toxicity of manganese 
chloride given by oral gavage was reported in a short paper by Vrcic and Kello (1988), which 
contained only a brief description of the method employed. Six-month old female rats, of undefined 
strain, were given manganese chloride solutions as either a single dose (between 156 and 
495 mg Mn/kg bw) or three doses at 3-hour intervals (total dose of between 279 and 886 mg Mn/kg); 
mortality was assessed over a stated 8-day observation period (although tabulated mortality data were 
only presented for 6 days). The LD50 value was reported as 236 (95% CI, 210–265) mg Mn/kg, when 
given as a single bolus dose, or 702 (CI, 598–825) mg Mn/kg, when given as multiple doses. 

Table 7.11 Historic studies on the acute oral toxicity of various forms of manganese 

Compound  Species LD50 Reference 
   (mg/kg) 

Manganese chloride Mouse 275–450 Sigan and Vitvickaja (1971) 
  Rat 250–275 Hazaradze (1961) 
  Guinea pig 450–810 Hazaradze (1961) 
Manganese sulphate Mouse 305 b Date (1960) 
Potassium permanganate Mouse 750  Sigan and Vitvickaja (1971) 
  Rat 750 Sigan and Vitvickaja (1971) 
  Guinea pig 810 Sigan and Vitvickaja (1971) 
DAPa-Mn  Mouse >8000 Suzuki et al. (1972) 
cake  
DAPa-Mn  Mouse -male 2790 Suzuki et al. (1972) 
dust   Mouse -female 2570 Suzuki et al. (1972) 
Adapted from WHO, 1981 
a DAP is process of desulphuration of flue gas, DAP-Mn cake comprises the manganese oxides used in the process and DAP-Mn dust 
comprises the exhaust gas and dust from the process in a plant 
b Lethal dose (LD100)  

In an unusual study on ash from a coal gasification plant, two, 20- or 52-week old Wistar rats were 
fed either a basal diet containing 400 µg Mn/g or diet enriched with 5% ash containing a range of 
metals, including manganese (giving a total dietary inclusion level of 4380 µg Mn/g), for a 6-week 
study period. Eight days before the end of the period, rats were given a single oral dose of manganese 
chloride (MnCl2 4H2O) and their survival was monitored (Kostial et al., 1989). The LD50 values for 
manganese chloride, as determined for rats on the basal diet, showed a clear age-related variation in 
susceptibility. LD50 values were 629 mg/kg, for 2-week olds, 1039 and 898 mg/kg, for 20-week old 
male and female rats, and 784 and 758 mg/kg for 52-week old male and females rats, respectively. 
Although showing slight numeric variations, the LD50 values for rats previously fed diet containing 
5% ash did not substantially alter the pattern of susceptibility. 

In a review of the distribution, pharmacology and toxicity of manganese, von Oettingen (1935) noted 
work dating to the 1820s and 1830s, which indicated that administration of large quantities of 
manganese compounds in the stomach caused corrosion of the gastric walls and intestine. 

7.3.2.4 Parenteral administration 
A number of studies, reviewed elsewhere, have reported on the acute toxicity of manganese 
compounds when given via parenteral routes (Table 7.12). 

Additional rodent studies of potential relevance have also been identified. Pashinskii et al. (1975) 
reported the acute toxicity to rodents of intramuscular administration of manganese chloride. 
Although the strains employed and study methodology were not reported in any detail, the LD50s of 
manganese chloride were stated as 255 mg/kg in mice and 700 mg/kg in rats; animals were reported to 
have died within 3 to 5 days of treatment but no details of clinical or pathological changes were given. 
An LD50 value of 138.6 mg/kg bw (calculated from a stated value of 0.70 (0.61–0.80) mmol/kg bw) 
was reported for manganese chloride given by intraperitoneal injection to juvenile male Sprague-
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Dawley rats (Holbrook et al., 1975). It should be noted that this represents an approximately 10-fold 
higher toxicity than that reported for the oral route in this paper. 

Table 7.12 Historic studies on the acute toxicity of various forms of manganese by parenteral 
administration 

Compound Species Route LD50 Reference 
   (mg/kg) 

Manganese dioxide Mouse SC 550 b Date (1960) 
Manganese sulphate Mouse IP 64 Yamamoto and Suzuki (1969) 
  Mouse SC 146 b Date (1960) 
Manganese nitrate Mouse IP 56 Yamamoto and Suzuki (1969) 
Potassium permanganate Mouse SC 500 b Date (1960)  
DAPa-Mn  Mouse IP >1200 Suzuki et al. (1972) 
cake 
DAPa-Mn  Mouse-male IP 378 Suzuki et al. (1972) 
dust  Mouse-female IP 352 Suzuki et al. (1972) 
Adapted from WHO, 1981  
a DAP is process of desulphuration of flue gas, DAP-Mn cake comprises the manganese oxides used in the process and DAP-Mn dust 
comprises the exhaust gas and dust from the process in a plant 
b Lethal dose (LD100)  
IP, intra peritoneal; SC, subcutaneous 

A brief report of a study by Yoshikawa (1974) raised the possibility that the acute toxicity of 
manganese could be significantly modified by previous exposure history. The acute toxicity of a 
manganese dose of 60 mg/kg bw, as manganese chloride, given to male ICR mice by intraperitoneal 
injection, was unaffected by pre-treatment with manganese chloride at 0.5 mg/kg/day, given by the 
same route for 10 days, when compared with naive mice. However, a markedly lower mortality was 
noted in mice given a longer (20 day) period of exposure to the low dose. However, the study did not 
determine the mechanisms underlying the apparent development of tolerance.  

Short-term effects other than lethality were identified in a study by Baxter et al. (1965). Holtzman 
rats given single subcutaneous injections of manganese chloride solution at a poorly defined range of 
doses showed decreased haemoglobin, haematocrit and mean corpuscular volume at a dosage of 
50 mg/kg or above, with the effect being maximal at 170 to 300 mg/kg. Peak response occurred 12 to 
18 hours after dosing and, at 300 mg/kg, anisicytosis, basophilia and hypochromia of red cells and 
hepatic necrosis were noted.  

In a study of the acute effects of high magnesium levels on carbohydrate homeostasis, unfasted adult 
Sprague-Dawley rats were given a single intraperitoneal injection of manganese (2.5, 10 or 40 mg/kg; 
as MnCl2), which resulted in a dose-related increase in the manganese levels in plasma, within 
15 minutes, and in the liver, where levels peaked within 15 to 45 minutes and then plateaued for up to 
120 minutes. A rapid, dose-related rise in plasma glucose and a decrease in plasma insulin levels were 
noted; maximal responses occurred by 1 hour after dosing. Treatment of 24- and 48-hour fasted rats 
was reported to result in a similar glucose response, although the absolute magnitude of response was 
reduced (Keen et al., 1984). Reports that intraperitoneal injection of adult Sprague-Dawley rats with 
manganese (as MnCl2) at 40 mg/kg resulted in raised blood glucose, particularly in the case of 
unstarved animals, were repeated by these workers, as were reports of a similar response at 
manganese doses of 10 mg/kg and an associated decrease in plasma insulin level for 2 hours after 
dosing (Hurley et al., 1984). However, no detailed methodologies or data were presented in the latter 
paper to support the reported findings. Further support for such an effect of manganese comes from a 
paper by Baly et al. (1985) in which male Sprague-Dawley and Osborne-Mendel rats were injected 
with manganese (as MnCl2) at 10 or 40 mg/kg bw, following either ad libitum feeding or 24- or 48-
hours starvation. Analysis of plasma collected at intervals over 24 hours demonstrated a dose-related 
peak in hepatic manganese levels over the first 60 minutes following treatment. A significant decrease 
in insulin and an increase in glucose and glucagon levels were noted in both strains, particularly over 
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the first 2 hours after dosing. Only minor strain–related differences were noted, and it was apparent 
that effects on insulin, glucose and glucagon levels were more marked in the ad libitum fed rats than 
among those on restricted feed. The changes in insulin level were noted by the authors to be closely 
associated with changes in pancreatic manganese levels. 

The time course of cholestatic change in the liver following intravenous infusion of manganese was 
reported by Witzleben (1969). A group of 19 lightly-anaesthetised adult male Sprague-Dawley rats 
was given an intravenous dose of a 10% manganese solution at 0.53–0.60 ml/kg bw over a 30 minute 
period; controls were sham operated and injected. Bile flow rate was measured at intervals following 
dosing, and liver samples were then taken from these animals on each sampling occasion, for 
histopathological examination. Regrettably, neither the chemical form of manganese used nor the 
schedule and procedures used for surgery preparation and bile collection were clearly reported, 
limiting the possible interpretation of the study. Not withstanding these reservations, a significant 
reduction in biliary flow rate was reported in treated animals at 4 hours after dosing while, by 
24 hours after dosing, flow rates were greater than controls. At both 4- and 24-hours after dosing, 
scattered hepatocellular necrosis and dilatation of caliculi, with loss of microvilli, were observed 
although the severity of the structural changes was somewhat reduced on the latter occasion. 

The delayed effect on hepatic function of a single intraperitoneal injection of manganese (as MnCl2) 
at doses of 1 to 10 mg/kg bw was studied in Sprague-Dawley rats (Deimling & Schnell, 1984). In a 
series of experiments, the dose-relationship and time of course of hexobarbital-induced sleep times 
(assessed as the period taken to regain the righting reflex) and of plasma and brain levels of 
hexobarbital in rats at the time of awakening were compared for rats given injections of saline alone 
or of MnCl2. The threshold manganese dose for prolongation of sleep time was established at 5 mg/kg 
although above this no clear dose-relationship was detected, while plasma and brain levels of 
hexobarbital at the time of awakening were unaffected by treatment. Experiments using the 
5 mg Mn/kg dose demonstrated a clear time course for the effect, with changes in sleep times only 
occurring between 2 and 3 days after dosing with MnCl2. These findings, together with further in vitro 
studies on hepatic metabolic functions (see below), suggested that the observed effect on sleep time 
was not attributable to a direct CNS effect or to direct inhibition of microsomal enzymes; rather it 
reflected a change in the synthesis and/or degradation of cytochrome P450. 

The potential consequences of manganese exposure on the subsequent ability of an organism to 
metabolise other compounds were considered in a study by Malik et al. (1987). Adult male Wistar 
rats were given a single intraperitoneal injection of saline alone or manganese (as MnCl2 4H2O) at 
10 mg/kg and, after 3 days, a single oral dose of vehicle alone or an organophosphorus insecticide, 
fenitrothion, at 260 mg/kg. Analysis of blood, brain, heart and liver samples showed that prior 
manganese treatment significantly exacerbated the effects on cholinesterase, carboxylesterase, acid 
phosphatase and aminotransferases seen with fenitrothion, while manganese-treatment alone effected 
these enzyme activities by smaller, but still significant, amounts.  

Effects of single exposures to manganese compounds have also been investigated in two non-rodent 
species. 

In a brief and very poorly reported paper, Neff et al. (1969) note that a single subcutaneous injection 
of 1 ml of a suspension of manganese dioxide at 200 mg/ml was followed by the death of four out of 
15 squirrel monkeys (Saimira sciurea), 2 weeks later. No detail was presented of any ante-mortem 
signs, and pathological examinations of the major organs failed to identify any abnormalities. The 
authors also reported that one of five controls also died at this time. Unspecified signs of ill-health 
were also reported in some of the surviving treated animals after further doses; some of the animals 
had to be killed. No pathological findings were reported for these animals. The poor quality and 
anomalous reporting of the study preclude the confident attribution of the deaths to treatment with 
manganese dioxide.  
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In a study focusing on the subacute effects in beagle dog of manganese chloride given by intravenous 
administration for up to 4 days, Khan et al. (1997) reported that a number of changes were seen 
following the first 4-hour infusion (see also Section 7.3.3.5). Acute effects after a single dose of 
16 mg/kg/day included tremors and decreased spontaneous activity, production of soft or watery red 
stools, and progressive inappetance, from about 2 hours after dosing, decreases in systolic pressure, 
smaller changes in diastolic and mean arterial pressure, and increased heart rate. Other changes 
included marked increases in serum alanine aminotransferase, aspartate aminotransferase, alkaline 
phosphatase and total bilirubin, decreased blood glucose, and prolonged prothrombin time and 
activated partial thromboplastin time, from 20 minutes after completion of the infusion. 

7.3.2.5 In vitro studies 
A number of in vitro studies provide information of potential relevance to the acute effects of 
manganese exposure on several organ systems. Although studies have mainly related to in vitro 
exposure of isolated tissues to manganese, the following study investigated changes in hepatic 
function consequent to in vivo treatment with manganese chloride; it is, therefore, of more direct 
relevance. 

Cytochrome P450 activity was determined in microsomal preparations from livers of rats given single 
intraperitoneal injections of saline alone or manganese (5 mg/kg, as MnCl2) 3 days before sacrifice. 
Cytochrome P450 activity was determined, by measurement of the rates of metabolism of aniline, 
ethylmorphine and hexobarbital. The interaction of cytochrome P450 with the substrates was further 
assessed using a difference spectroscopy method, and activities of cytochrome b5 and 
NADPH cytochrome c reductase were also measured. Similar experiments were conducted in which 
hepatic microsomal preparations from previously untreated rats were exposed in vitro to manganese 
(1 × 10-3–1 × 10–6 mol/ℓ, equivalent to 54.94 to 54940 µg/ℓ; Deimling & Schnell, 1984). A significant 
decrease in activity of cytochrome P450, cytochrome b5 and NADPH cytochrome c reductase was 
noted in the microsomes of rats exposed in vivo to MnCl2; the effect was attributed to a change in 
enzyme synthesis and/or degradation rather than to a direct interaction between manganese and the 
enzymes themselves. 

In contrast, Walton and Baldessarini (1976) reported inhibition of adenylate cyclase activity by 
manganese (as MnCl2) at a concentration equivalent to 219.8 mg/ℓ (calculated from a stated MnCl2 
concentration of 4 mmol/ℓ) in rat liver and kidney homogenates. Although the paper mainly addressed 
the more marked effect on enzyme activity in various regions of the brain (up to 16-fold changes), 
changes of approximately 3- to 5-fold were noted for liver and kidney tissues, respectively. In 
addition, dose- and time-related inhibition of succinic dehydrogenase activity was noted for rat 
hepatic mitochondria incubated with manganese (as MnCl2) at 137.4 to 549.6 mg/ℓ (2.5–10 mmol/ℓ). 
However, the effect on enzymic function was reversed by addition of a range of chelating agents (Seth 
& Husain, 1974). It should be noted that these exposure levels are orders of magnitude above those 
that might be expected to occur in organs in vivo; hence the relevance of the findings to the potential 
in vivo toxicity of manganese is questionable.  

As part of a study of the protective role of manganese against the toxic effects of nickel on the ciliary 
action of mouse trachea cells, tracheal ring sections were taken from albino mice and incubated with 
manganese (as MnCl2) at 219.8 mg/ℓ (cited as 4 mmol/ℓ MnCl2) for 2 hours, after which ciliary action 
was determined by microscopic examination of the inner epithelial cell layer. Incubation with MnCl2 
alone was shown to have no adverse effect up to a concentration of 27.5 mg Mn/ℓ (0.5 mmol/ℓ), a 
level which also provided maximal protection when co-incubated with nickel chloride (Paulsen et al., 
1981).  

The toxicity of various heavy metals to respiratory tract cells has been studied by Takano et al. 
(2002). Type II alveolar cells, isolated from specific-pathogen free male Fischer 344 rats, were 
incubated in medium containing various heavy metal salts for 2–6 hours and cytotoxicity was 
determined using a 51Cr-release assay. Changes in cellular surface morphology were also assessed 
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using scanning electron microscopy. Manganese at up to 27.7 µg/ℓ (i.e. reported as 500 µmol/ℓ 
MnCl2) was noted to have negligible effects on the Type II cells; indeed manganese was reported to 
be the least toxic of the metals studied (including nickel, lead, cadmium and mercury). However, 
biochemical effects of manganese on the lung have been identified using fractions rich in 
mitochondria derived from lung homogenates of juvenile CD rats (Horovitz & Bondy, 1994). Using a 
2,7-dichlorofluorescin diacetate fluorescence assay, free radical formation was measured in response 
to incubation with manganese (as MnCl2 6H2O) at 5.5 to 5500 µg/ℓ (cited as 0.01 to 
10 µmol/ℓ MnCl2 6H2O) for one hour. Unlike the lack of effect seen with samples derived from 
various regions of the brain, a dose-related increase in free radical formation was found in the 
pulmonary samples at concentrations of 5.5 µg/ℓ (0.1 µmol/ℓ) or above.  

Perfusion of hearts from untreated male Wistar rats with manganese (as MnCl2) at levels equating to 
5.49, 16.48, 54.94 or 164.83 mg/ℓ (cited in the paper as MnCl2 at 100, 300 1000 or 3000 µmol/ℓ) in a 
modified Krebs-Henseleit’s bicarbonate buffer solution, demonstrated generally dose-related changes 
in a number of measures of cardiac performance (Brurok et al., 1995). For example, the EC50 for 
increase in aortic pressure increase was 4.40 mg Mn/ℓ (80 µmol/ℓ) although at a level of 
164.83 mg Mn/ℓ (3000 µmol/ℓ) the response was biphasic, comprising an initial rapid rise and 
subsequent decrease over the observation period. An EC50 for reduced heart rate of 54.94 mg Mn/ℓ 
(1000 µmol/ℓ) was also determined, which was associated with periods of ventricular fibrillation at 
concentrations of 54.94 mg Mn/ℓ (1000 µmol/ℓ) or above. As for some other in vitro studies, the 
exposure levels employed are considered to be too high to be of direct relevance to prediction of 
effects in vivo. 

In a well-reported in vitro study of the comparative nephrotoxicity of a number of metals, glomeruli 
were isolated from adult male Wistar rats and incubated with sterilised solutions of a metal chloride at 
a range of concentrations, for 16 hours, to determine the level causing a 50% (IC50) decrease in 
incorporation of radiolabelled-leucine (Templeton & Chaitu, 1990). In the case of manganese 
chloride, the authors reported an IC50 of 67.58 ± 30.77 mg Mn/ℓ (calculated from a stated MnCl2 
concentration of 1230 ± 560 µmol/ℓ). However, since the authors noted that limited solubility 
necessitated extrapolation from data obtained at lower concentrations, the value of the IC50 as a 
reliable measure of activity is questionable. Other endpoints investigated included level of 
proteoglycan synthesis, determined by measurement of incorporation of radiolabelled sulphur, which 
was added to the incubation medium in the form of sulphuric acid, and levels of glutathione, 
determined by an enzyme recycling method. While proteoglycan synthesis was found to be relatively 
unaffected by manganese chloride treatment, glutathione levels showed a slight, although not 
statistically significant, increase over the period of incubation. It should be noted that the toxicity of 
manganese was markedly less than that of a number of other metals reported; for example, IC50 values 
for cadmium and mercury were determined as approximately 3.37 mg Cd/ℓ and 6.02 mg Hg/ℓ 
(reported as 30 µmol/ℓ each). 

In a study on the possible protective role of manganese superoxide dismutase against oxidative 
damage by various physical or chemical agents, Parat et al. (1995) incubated human fibroblasts from 
healthy skin biopsies with manganese chloride solutions. Cytotoxicity was assessed by comparing 
total protein content of treated and control incubation dishes after a 48-hour exposure and subsequent 
rinsing to remove non-adherent cells; the toxic dose causing a 50% reduction in growth (TD50) was 
shown to be 1.3 mmol/ℓ. 

7.3.2.6 Synopsis on experimental studies of the effects of single exposures to 
manganese 
No LD50 or LC50 for inhalation exposure has been determined for manganese. No deaths were 
reported when mice were exposed to manganese (II,III) oxide (Mn3O4) at 1.837 mg Mn/m3 for 
2 hours (Adkins et al., 1980a), although significant pulmonary effects were shown in mice 
exposed to 0.897 mg Mn/m3 (Adkins et al., 1980b). 
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Various estimates have been made of the acute toxicity of a number of manganese compounds 
using non-inhalation routes. Although showing some variability, oral LD50 values generally 
ranged from approximately 230 to 800 mg/kg/day, irrespective of compound, in a number of 
rodent species; the reason for the markedly higher values (>1 g/kg) reported in one study 
(Holbrook et al., 1975) is unclear. Toxicity by parenteral administration appears generally much 
greater, particularly for the intraperitoneal route. Indeed, for two studies (Date, 1960; 
Holbrook et al., 1975) where direct comparison can be made, LD50 values were 2- to 10-fold 
lower for the parenteral than the oral route. There is some suggestion, at least in the case of the 
parenteral routes, that manganese (II) compounds may be more toxic than manganese (IV) 
compounds.  

A number of effects other than death have been noted in response to single exposures to various 
forms of manganese. Changes observed include altered hepatic and cardiac function, 
disturbance of insulin homeostasis, and changes in haematological profile.  

7.3.3 General toxicity following repeated exposure 
There have been relatively few studies conducted in which exposure to manganese has been via 
inhalation or intratracheal routes, although these do include a number of studies on primates. 
However, there is a considerable body of literature on the treatment of animals with manganese 
compounds via the diet, drinking-water or by parenteral injection. Thus, the evidence base allows the 
identification of a range of potential targets of toxicity following repeated exposure. In many cases, 
however, papers do not clearly report the dosages achieved, either as administered dose or achieved 
internal manganese level, and frequently only a limited number of dose levels have been employed. In 
particular, the majority of the studies were not designed to identify a no-observed-adverse-effect-level 
(NOAEL) or lowest-observed-adverse-effect-level (LOAEL), as would be the case with studies 
intended for regulatory purposes. 

7.3.3.1 Inhalation exposure 
Short-term exposure 

Whole body exposure of male rabbits to manganese chloride (MnCl2; mass median diameter 
approximately 1 µm at 1.1 ± 0.5 mg/m3 or 3.9 ± 1 mg/m3, 6 hours/day, 5 days/week) for between 
4 and 6 weeks was well tolerated, with only one clearly treatment-related change identified, compared 
with controls exposed to filtered air (Camner et al., 1985). Light microscopic examination of alveolar 
macrophages collected by lavage during necropsy within 3 days of completion of treatment, showed a 
significant increase in cell diameter in the high dose group. However, no morphological changes were 
observed at electron microscopic examination of the macrophages, and in vitro assessment of 
macrophage oxidative metabolic activity (measured by ability to reduce nitroblue tetrazolium, at rest 
or in the presence of Escherichia coli) and phagocytic ability (assessed by co-incubation with 
Saccharomyces cerevisiae labelled with flurescein isothiocyanate and opsonized with pooled rabbit 
serum) revealed no difference from controls. In addition, there was no effect on the weight of the left 
lower lung lobe or on lipid and phospholipid content of the lungs. Macroscopic, histopathological and 
electron microscopic examinations did not reveal any treatment-related pulmonary change.  

In a very short conference abstract, Griffin and Coulston (1978) reported that exposure of Rhesus 
monkeys and rats to air-borne manganese particles generated by the combustion of 
methlycyclopentadienyl manganese tricarbonyl (MMT; 100 µg/m3, 23 hours/day), for 8 weeks 
resulted in no overt signs of toxicity or changes in clinical or histopathology. Pulmonary and brain 
manganese levels were increased. However, the abstract presented no data, and is therefore unsuitable 
for use in establishing an exposure limit. 

Several other studies on rodents have investigated short- to medium-term inhalation exposure to 
manganese containing substances.  
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Adult Sprague-Dawley rats exposed to atmospheres containing manganese (as MnO2, 68, 130 or 
219 mg/m3, 6 hours/day) for 10 days showed no overt signs of toxicity. No change was noted in 
growth performance or haematological profile. The only effect of treatment was a dose-related 
increase in lung weight. Histopathological examination revealed dose-related pneumonitis. At the low 
exposure level, this was generally confined to alveolar ducts while at the intermediate dose, 
microgranulomata were noted and, at the highest dose, more generalised pneumonitis and granuloma 
formation were observed (Shiotsuka, 1984). 

In a pharmacokinetic study (Dorman et al., 2001c), male, but not female, rats fed manganese at 2 ppm 
from postnatal day 10 had significantly lower body weights on postnatal day 77 than those fed 10 or 
100 ppm. Significant, but not dose-related, differences in manganese level were noted in the liver and 
bile (hepatic levels, 1.9 ± 0.10, 2.66 ± 0.15 and 2.53 ± 0.09 µg/g ww, at 2, 10 or 100 ppm, 
respectively). Subsequent inhalation exposure of rats to manganese sulphate (0.092 or 0.92 mg/m3, 
14 days) was well tolerated, with no impact on body weight and no treatment-related signs, despite a 
significant increase in pulmonary manganese level in exposed animals (0.31, 0.51 and 1.17, for 
controls and the 0.092 or 0.92 mg/m3 groups, respectively). Manganese levels in the striatal region of 
the brain were also significantly increased at the high level (0.88 µg/g ww) compared with controls 
(0.62g/g ww). 

A pilot study on the pharmacokinetics and neurotoxicity of manganese phosphate in rats surgically 
manipulated to mimic hepatic disease, was reported by Salehi et al. (2001). Male Sprague-Dawley 
rats with pre-existing surgical end-to-portacaval shunts were subject to whole-body exposure to 
manganese at 1150 µg/m3 (as manganese phosphate in the form of hureaulite, at 3050 µg/m3; 95% of 
particles smaller than 3.5 µm diameter, 8 hours/day, 5 days/week) for 5 weeks. Controls were housed 
under similar conditions and were exposed to ambient control air containing manganese at 
0.03 µg/m3. A significant elevation of pulmonary and blood manganese levels was noted (lungs, 
treated 1.32 ± 0.61, control 0.05 ± 0.01 µg/g; blood, treated 0.05 ± 0.01, control 0.02 ± 0.01 µg/g), as 
were manganese levels in the cerebellum, frontal cortex and globus pallidus (e.g. globus pallidus, 
treated 3.56 ± 0.8, control 1.33 ± 0.72 µg/g). No significant difference was noted in locomotor activity 
or resting times, nor in blood levels of iron, glucose, urea nitrogen, creatinine, or in haematocrit or 
alkaline phosphatase, alanine aminotransferase or aspartate aminotransferase, activity. 

In a well-reported study, adult male SPF Sprague-Dawley rats were exposed for 90 days to welding 
fumes freshly-generated from a stainless-steel manual metal arc welding process (levels were reported 
to be representative of occupational exposure situations where 20–30 mg/m3 was possible; Yu et al., 
2001). The particulate component of the fumes had a mean diameter of 0.1 µm and contained a range 
of metals (principally iron, manganese, chromium and nickel), ozone and nitrogen oxide. Rats  
were exposed to fume concentrations of 57–67 or 105–118 mg/m3 (containing 1.4–1.8 or  
2.7–3.3 mg Mn/m3, respectively) for 2 hours/day. Rats were killed after 15, 30, 60 or 90 days; organ 
weights were recorded and a range of tissues were subject to histopathology, including the detailed 
examination of nasal and pulmonary tissues. There was no significant effect on body weight or 
behaviour. At the low exposure, although focal accumulation and mobilisation of pulmonary 
lymphocytes and particle-laden macrophages were observed, only minor fibrotic change was seen and 
this did not show further progression. No significant effect on organ weight was reported in this 
group. In contrast, although no effects were seen in nasal, tracheal or bronchial tissues, rats from the 
high exposure group showed pulmonary perivasculitis and early fibrosis in the peribronchiolar and 
perivascular regions by day 15, and subsequent progressive changes developed. By day 90, particle-
laden macrophages filled the alveolar spaces, and some macule and granuloma formations and 
interstitial and peripleural fibrosis were evident. A multiphasic effect on lung weight was noted at the 
high exposure level. A rapid increase in pulmonary weight occurred between days 15 and 30, 
followed by a period of little additional increase. Between days 60 and 90, however, a further sharp 
increase was noted.  

In a study designed to compare the effects of various gaseous and particulate components of electric 
solder fumes, mice were exposed to atmospheres containing manganese dioxide particles at 
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20.59 mg/m3 for 5 hours/day for 30 days. Marked pulmonary emphysema with mucus filled 
bronchioles and dilated veins was noted (Sylvestre & Pan, 1984). 

Apart from a review by von Oettingen (1935) of a number of very early studies (see Section 7.3.2.3), 
only one relatively recent experimental study has been identified that provides information of direct 
relevance to assessing the irritancy of manganese compounds. 

Rylander and Bergstrom (1973) exposed conventional and SPF guinea-pigs to atmospheres containing 
high levels of manganese dioxide particles (conventional, 20 mg/m3; SPF, 12 mg/m3) or sulphur 
dioxide (20 ppm), alone or in combination, for 4 weeks. The daily duration of exposure to the test 
atmospheres was not clearly stated. Following completion of the treatment period, animals were killed 
and pulmonary lavage undertaken to determine numbers of cells in the lavage fluid (described below). 
Lungs were fixed and the trachea examined for changes in epithelial structure suggestive of irritancy, 
in particular in relation to the arrangement of goblet cells and the amount of mucus present. Changes 
suggestive of slight irritancy were noted in the guinea-pigs exposure to manganese dioxide alone or in 
combination with sulphur dioxide, particularly in SPF animals; sulphur dioxide alone did not cause 
any change. 

Long-term exposure 

The effects of long term exposure to manganese on rats and monkeys have been reported in a series of 
papers by Ulrich and co-workers.  

Groups of adult male Sprague-Dawley rats and squirrel monkeys (Siamiri scuireus) were exposed to 
manganese oxide (Mn3O4) in whole body chambers (11.6 ± 0.22, 112.5 ± 1.8, or 1152 ± 22 µg/m3; 
21 to 22 hours/day) for up to 9 months. The Mn3O4 was freshly generated by combustion of MMT 
prior to introduction into the exposure chambers. Measurement of the chamber atmospheres showed 
the mean diameter of Mn3O4 particles to be 0.11 ± 3.03 µm. It was not specified if any analysis of the 
atmosphere for MMT or other by-products of its combustion were performed. However, the group 
exposed to 1152 µg/m3 was restarted 3 weeks into the study using replacement animals owing to a 
malfunction in the combustion system that resulted in production of lethal levels of carbon monoxide. 
Carbon monoxide concentrations subsequently reached 30 ppm on occasion but were generally below 
20 ppm. Haematological, blood chemistry and, in monkeys, pulmonary function measurements were 
made after 1, 3, 6 and 9 months exposure. Various procedures to identify neurotoxicity were also 
performed on the monkeys (see Section 7.3.5). Subgroups of rats were killed after 3 and 9 months, 
and of monkeys after 9 months. Further rats and monkeys were retained, untreated, for an additional 
6 month period before being killed. Detailed histopathological examination was undertaken (Ulrich et 
al., 1979b). No clinical signs of toxicity were noted other than a higher body weight gain in exposed 
rats. Haematological investigation revealed no treatment-related changes in the monkeys. In rats, 
increased haemoglobin, red cell and mean corpuscular haemoglobin concentrations were noted after 
9 months in the group exposed to 1152 µg/m3, while those exposed to 112.5 µg/m3 showed a decrease 
in reticulocytes and leukocytosis; the effects were reversible following withdrawal of treatment. 
Blood chemistry and pathology were largely unremarkable, except at 1152 µg/m3 where there was a 
decrease in serum phosphorus in male rats and a slight increase in liver weight in female rats (Ulrich 
et al., 1979c). Further evidence that long-term exposure to Mn3O4 at up to 1152 µg/m3 was well-
tolerated in the rats and squirrel monkeys was provided by detailed evaluation of pulmonary functions 
after 1, 3 or 9 months exposure, which failed to detect any treatment-related change (Ulrich et al., 
1979a). Measurement of tissue manganese levels in a subgroup of animals showed an elevated 
manganese level in the kidney, lung, spleen and blood of exposed monkeys and, although showing 
poorer dose-relationship, in the kidneys, lungs and blood of rats. For example, in the high exposure 
group, pulmonary manganese levels were 0.67 and 1.21 µg/g ww in rats and monkeys, respectively, 
compared with control values of 0.36 and 0.27 µg/g ww, respectively (Ulrich et al., 1979a). 

The chronic effects of manganese following long-term exposure of female Rhesus monkeys (Macaca 
mullata) to manganese dioxide (MnO2) dust was reported by Nishiyama et al. (1977). Monkeys were 
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subject to whole body exposure to MnO2 dust of less than 2 µm diameter (average value not quoted, 
over 80% 1 µm or less) at atmospheric concentrations of approximately 0.7 or 3 mg/m3 for 
22 hours/day, 7 days/week, for 10 months. A control group was maintained under normal atmospheric 
conditions, outside of the exposure chambers. In addition to clinical observations, blood samples were 
taken monthly for haematological and biochemical analysis. Monoamine oxidase and adenosine 
deaminase activities and tissue manganese levels were determined in samples of a range of organs 
taken at necropsy at the end of the treatment period. A dose-related increase in tissue manganese level 
was noted; levels were highest in the lungs (24.2 µg/g ww for the high dose group), secretory glands 
and certain areas of the brain, particularly the basal ganglia (approximately 6, 14 and 17 µg/g ww for 
control, low and high doses, respectively (derived from graphical presentation of data)). While 
exposure to MnO2 elicited no clear effect on body weight, mild neurological signs (mild tremors, loss 
of pinching force, reduced upper limb dexterity) were noted in monkeys from the high dose following 
3 or 4 months treatment; the signs did not progress and no effect was observed at the low dose. 
Haematological findings were unremarkable. However, serum glutamic oxaloacetic transaminase 
(more commonly now termed alanine aminotransferase), glutamic pyruvic transaminase (now termed 
aspartate aminotransferase) and monoamine oxidase were elevated in exposed animals throughout the 
treatment period; a clear dosage-relationship was apparent from 4 months for glutamic pyruvic 
transaminase and throughout for monoamine oxidase. At the end of the treatment period, monoamine 
oxidase and adenosine deaminase activities were also increased in the adrenals, liver, diencephalon 
and mesencephalon of exposed male and female monkeys, while adenosine deaminase activity was 
also increased in the cerebellum, pons, medulla oblongata and basal ganglia. Granular shadows in the 
lung of high dose animals were observed at radiographic examination after 1 month treatment (Suzuki 
et al., 1978). Subsequent monthly examinations showed the shadowing to be progressive in quantity 
and appearance, with similar, but less marked, effects noted from the third month of treatment in 
animals exposed to 0.7 mg/m3. Histopathological examination of the lungs of animals killed at the end 
of the study, showed a number of dose-related changes including interstitial lymphoid hyperplasia, 
dust-laden necrotic cells, retention of bronchiolar exudates, and thickening of alveolar walls, 
pulmonary emphysema and aterectasis. 

In contrast, it is should be noted that inhalation exposure to manganese (as manganese dioxide) at a 
concentration of 30 mg/m3, 5 days/week for 2 years, elicited no behavioural or neurological 
abnormalities in female Rhesus monkeys despite significantly elevated levels of manganese in the 
putamen (treated, 3.15 ± 0.13 µg/g wet weight; control, 1.83 ± 0.20 µg/g) and globus pallidus (treated, 
3.04 ± 0.36 µg/g; control, 1.70 ± 0.27 µg/g) regions of the brain (Bird et al., 1984). This study is 
discussed in greater detail in Section 7.3.5. 

7.3.3.2 Intratracheal administration 
Short-term exposure 

In a primarily pharmacokinetic study, comparing the absorption and distribution of different forms of 
manganese by various routes of administration, intratracheal administration of manganese (as MnCl2 
or MnO2) to male Sprague-Dawley rats, at 1.22 mg/kg/week, once a week for 4 weeks, was reported 
to have no significant effect on body weight and to elicit no clinical signs. In addition, 
histopathological examination of the lungs showed only scattered foci of macrophages and 
mononucleated cells in rats given manganese dioxide (Roels et al., 1997). Some analyses of tissue 
manganese levels were undertaken in this study although data were presented graphically, which 
limited interpretation. Nonetheless, it was apparent that blood manganese levels were clearly 
increased in rats treated with manganese chloride, irrespective of route, and in rats given manganese 
dioxide via the intraperitoneal, but not gavage, route. Blood levels were generally at least 40% higher 
than controls, while levels were at least 22% higher in some brain regions. However, liver manganese 
levels were generally unaffected by treatment.  

Naslund et al. (1990) also reported on the effect of short-term exposure of sheep to metal arc welding-
fumes. The particles generated were mainly of less than 1 µm diameter, and although many types of 
metal oxide were detected in the fume particles, iron constituted the largest proportion at 14.1% with 



 

 
IEH Web Report W17, posted October 2004 at http://www.le.ac.uk/ieh/  

 

185

manganese the next most common at 4.0%. Animals were exposed to freshly generated welding 
fumes through an indwelling tracheotomy tube (3 hours/day, 5 days/week for at least 25 days). After 
25 days, two treated animals underwent successful surgery to establish a lung lymph fistula, to permit 
study of pulmonary lymph composition and flow during a further 8-day period of treatment. Achieved 
exposures were quantified using magnetopneumography to measure the amount of magnetizable 
particles present in the thorax of the sheep. Lung, liver kidney and bone were biopsied at the end of 
the treatment period to provide samples for histopathology and analysis of metal content. Control 
animals were included in the study design. Two sheep died after 4 days exposure to fumes at a 
calculated level of 64 ± 9.8 mg/m3. Data on fume exposures levels for the surviving sheep indicated 
achieved levels of between 31.1 ± 17.9 and 51.9 ± 20.9 mg/m3/day. Lymph flow and protein 
composition were not influenced by treatment in the two sheep studied. Histopathologically, a 
fibrosing pneumonitis, with iron particles in the interstitium, and slight emphysema were observed in 
treated animals; fibroblasts predominated but there were a few inflammatory cells. Although the fume 
particles contained many types of particle, it is of note that, while analysis of tissue metal content 
showed no accumulation of iron and slight accumulation of magnesium in the lungs, levels of 
pulmonary manganese were nine times those of controls.  

7.3.3.3 Dietary administration 
Short-term exposure 

A number of short to medium term studies have been conducted in which manganese compounds 
were administered by admixture in the diet. 

In a brief and poorly described paper, Miller et al. (2000) reported the effect of feeding crossbred 
barrow pigs a diet supplemented with manganese sulphate to give a manganese content of 2.20 or 
52.19 mg/kg diet (cited as 0.04 or 0.95 mmol/kg), for up to 5 weeks. All pigs given the high 
manganese diet died or were killed after convulsive seizures before the end of the treatment period; 
two pigs from the group given 2.20 mg/kg (0.04 mmol/kg) were also killed. Veterinary examination 
of the earliest deaths suggested the cause as Mulberry heart disease, which has been linked with 
selenium deficiency. However, hepatic selenium and α-tocopherol levels were normal, and the deaths 
continued despite supplementary injections of vitamin E and selenium. In an additional experiment, in 
which pigs were fed the same diet supplemented with manganese at 50.0 mg/kg (0.91 mmol/kg) and 
various levels of magnesium and/or trace minerals, high dietary manganese was found to depress 
cardiac magnesium levels specifically in those animals that did not also receive high levels of mineral 
supplement. The authors suggested that the high dietary manganese level might have exacerbated the 
adverse effect of magnesium deficiency on heart muscle. 

In an 84-day study investigating the distribution of manganese in lambs, growth performance and 
haematological profile were assessed. Florida crossbred lambs were fed either manganese (as 
manganese oxide, equivalent to 58.2% Mn) at 500, 1000, 2000 or 4000 ppm or manganese (as 
manganese carbonate, equivalent to 47.1% Mn) at 2000, 4000 or 8000 ppm. Controls received a basal 
diet containing manganese at 31 ppm (Black et al., 1985). Food consumption and body weight gain 
were reduced with either chemical at the high level (equated with serum manganese levels of 161.0 
and 144.0 µg/ℓ respectively; control level, 44.3 µg/ℓ), and one animal given manganese carbonate 
was removed from study after 26 days because of inappetance. However, there was no effect on 
haematological profile at the end of the treatment period. No other toxicologically relevant endpoint 
was reported. 

A number of rodent studies have also investigated the effect of short- to medium-term dietary 
administration. 

In a short paper, Svensson et al. (1985) fed 3-week old, male Sprague-Dawley rats a diet 
supplemented with manganese (as MnCl2) at 1 or 2% manganese by weight for 25 days. Blood 
manganese levels were 0.002 ± 0.0005 and 0.05 ± 0.01 mmol/ℓ, respectively, in treated rats and 
0.001 ± 0.002 mmol/ℓ in controls; manganese cartilage levels were 0.01 ± 0.002 and 
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0.22 ± 0.04 mmol/ℓ, respectively, in treated rats and 0.002 ± 0.0002 mmol/ℓ in controls. Treatment 
resulted in the development of rickets (as defined by increased height of the epiphyseal growth plate 
and predominance of the hypertrophic zone of the upper tibia); the magnitude of the effect was dose–
related. Although data were not presented, the authors noted that associated studies on isolated 
chondrocytes incubated in media supplemented with manganese had shown reduced oxygen 
consumption at manganese levels corresponding to those found in the in vivo study. In an associated 
study, again on young rats, the effect of adding manganese chloride to a basal diet containing 0.01% 
manganese (to raise the total dietary inclusion level to 2% manganese) were compared, over 25 days, 
with that of feeding phosphate-deficient diets or diets with phosphate levels higher than the equimolar 
manganese level (Svensson et al., 1987). Pathological abnormalities of the tibial growth plates 
indicative of rickets were again noted, together with changes in proteoglycan profile, in rats on the 
high manganese diet. However, the effects of manganese were abolished in the group also given 
additional phosphate at more than equimolar amounts and similar effects were seen in rats on the low 
phosphate diet. This suggests that phosphate depletion may play an important role in manganese-
induced rickets. In any event, recovery was rapid following a return to a normal diet. Given the 
limited description of methodology and results in the first paper, extrapolation of the findings cannot 
be made with a high degree of confidence. 

As part of a detailed assessment of the toxicity and carcinogenicity of manganese (as MnSO4 H2O) by 
the US National Toxicology Program (NTP), groups of F344/N rats and B6C3F1 mice were fed diets 
containing manganese sulphate at 3130, 6250, 12 500, 25 000 or 50 000 ppm for 14 days before 
assessment of haematological profile and gross necropsy (NTP, 1993). In the rats, dietary inclusion 
levels equated to dosages of 25 to 370 mg/kg bw/day. Overt signs of reaction to treatment were 
restricted diarrhoea in males at 50 000 ppm and all treated female groups. Female rats in the 
50 000 ppm group showed a 13% reduction in body weight gain while males were affected to a much 
greater degree (57%); a transitory reduction in food intake was noted at this dietary level during the 
first week of treatment. Increased leukocyte and neutrophil counts were noted in males and females at 
50 000 ppm, and males in this group also had lower liver weights. In contrast, these treatment levels 
were well tolerated in mice, and no clearly treatment-related changes were noted. 

In a metabolism study by Sato et al. (1996), adult male ICR mice were fed diets supplemented with 
manganese chloride to achieve inclusion levels of 80 to 8000 mg Mn/kg diet, dry weight, for 21 days. 
No overt signs of toxicity were observed in groups with manganese intakes of up to approximately 
300 mg/kg bw/day, a level at which liver, kidneys, muscle, femur and brain manganese levels were 
only slightly affected. Effects were limited to a reduction of 29% in the food intake of mice fed the 
highest inclusion level (equivalent to a daily manganese intake of approximately 700 mg/kg bw/day), 
at which marked accumulation of manganese was noted in the liver and kidneys.  

The effects of 13 weeks of dietary administration of manganese sulphate to F344/N rats (at 1600, 
3130, 6250, 12500 or 25 000 ppm) and B6C3F1 mice (3130, 6250, 12 500, 25 000 or 50 000 ppm) 
have been reported by NTP (1993). In rats, inclusion levels equated to overall doses of 110 to 
1700 mg/kg bw/day in males and 115 to 2000 mg/kg/day in females. Treatment was generally well 
tolerated in the rats although some reduction in weight gain (up to 11%) occurred in females at 
6250 ppm or above. No clearly treatment-related changes in haematology or histopathology were 
noted. However, liver weight (absolute and relative to body weight) was reduced in males and females 
given 25 000 ppm, as was lung weight in treated female groups. In mice, achieved doses ranged from 
330 to 7400 mg/kg bw/day in males and 390 to 6900 mg/kg/day in females. Although food intake was 
essentially unaffected, growth performance was impaired in all treated male groups, particularly at 
50 000 ppm (65% reduction). Female mice at the highest level showed a 36% reduction in weight 
gain. Other effects in mice were limited to the 50 000 ppm group, where reduced liver weight was 
noted in males and changes suggestive of microcytic anaemia (i.e., reduced haematocrit, haemoglobin 
and mean erythrocytic volume) were noted for both sexes. At this level 3/10 males also showed 
epithelial hyperplasia and hyperkeratosis of the forestomach. 
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In a medium-term study, male Japanese quail were fed either basal diet containing 56 ppm manganese 
(as MnSO4; equivalent to an overall dose of 6–10 mg/kg bw/day) or diet supplemented with 
5 000 ppm manganese (as Mn3O4; equivalent to 575–977 mg Mn/kg bw/day) from hatching until 
75 to 80 days of age (Laskey & Edens, 1985). Both food intake and growth performance were 
unaffected by treatment. Regular monitoring revealed a reduced level of locomotor activity and a 
decrease in male aggressive behaviour among birds given manganese oxide. At necropsy, no effect 
was noted on testes or liver weight but the serum testosterone level was slightly (but not significantly) 
lower in treated than in control birds. 

Long-term exposure 

In addition to assessing the carcinogenicity of manganese sulphate, a 2-year study by the NTP 
provided detailed information on a range of non-neurological endpoints following long-term dietary 
exposure (NTP, 1993). In the study, F344/N rats and B6C3F1 mice were fed diets containing 
manganese sulphate at 1500, 5000 or 15 000 ppm for 2 years. Achieved dosages were, for rats, 60, 
200 or 615 mg/kg bw/day in males and 70, 230 or 715 mg/kg/day in females and, for mice, 160, 540 
or 1800 mg/kg/day in males and 200, 700 or 2250 mg/kg/day in females. Endpoints considered 
included survival, general signs of toxicity, growth performance, clinical pathology, metal content of 
some tissues, and pathology. In rats, reduced survival, associated with increased severity of 
nephropathy and renal failure, was noted in males given 15 000 ppm from week 93. Males of this 
group also showed a slightly (5%) lower body weight until week 80, after which the difference 
between treated and control animals increased to approximately 10%. Other treated rats were not thus 
affected, and the food intakes of all groups were similar. Hepatic iron levels were reduced at 9 and 
15 months for rats given 5000 ppm or above, while renal copper levels were increased in males at 
9 months and females at 9- and 15-months. Secondary to the increased nephropathy in high dose 
males, increased incidences of mineralisation of blood vessels and glandular stomach, parathyroid 
hyperplasia, and fibrous osteodystrophy were noted. A somewhat different picture was seen in the 
mice. Overall, despite similar food intakes, body weights were reduced by 6, 9 and 13% in female 
mice given 1500, 5000 or 15 000 ppm, respectively; males were not thus affected. Haematology and 
clinical chemistry were unaffected, although hepatic iron levels were lower at 9 and 15 months in 
females and at 15 months in males given 5000 or 15 000 ppm. Non-neoplastic effects of treatment 
were restricted to increased incidences of thyroid follicular dilatation and hyperplasia, in mice given 
15 000 ppm, and of focal epithelial hyperplasia, in males given 15 000 ppm and all groups of treated 
females. 

A number of other studies have involved the long-term dietary administration of manganese to 
rodents. 

The effect of iron-deficiency on the chronic toxicity of manganese was investigated in two studies in 
rats by Carter et al. (1980). In one study, female Long Evans rats were fed either basal diet containing 
manganese sulphate at 50 ppm or diet supplemented with manganese oxide at manganese levels of 
400, 1100 or 3550 ppm, from the second day of pregnancy. Dams were allowed to litter and wean, 
with the treatment of the F1 generation continuing to postnatal day 224 (32 weeks of age). 
Haematological investigations were performed on the F1 rats at 24, 40, 60, 100 and 224 days of age, 
and serum was analysed for various biochemical parameters at 100 and 224 days. In a second study, 
treatment commenced when pups were 10 days of age and blood samples were only taken for analysis 
at 40 days of age. In each study, the treatment design was replicated for a normal diet (containing iron 
at 240 mg/kg/day) and an iron-deficient diet (iron at 20 ppm). In the first study, mortality was high in 
the F1 generation of the group given the low iron diet and highest manganese supplement, such that 
all animals had to be killed at 40 days of age. All blood parameters were significantly lower than their 
respective control values. In the other groups, there was no significant effect of manganese treatment 
on the haematological profile among animals fed the diet containing normal levels of iron. As might 
be expected, red cell count, haematocrit and mean cell volume were reduced in all groups given the 
low-iron diet; a significant exacerbation of the effects on red cell count and haematocrit was observed 
over the first 100 days of life among animals given manganese oxide. However, the manganese-
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related effect was no longer apparent by 224 days of age, and no effect of manganese on 
haematological profile was noted in the second study, in which rats were fed manganese oxide only 
from 10 days of age. In the first study, biochemical investigations at 100 days of age showed serum 
creatinine levels were reduced in the groups given manganese at 400 or 1100 ppm, and serum calcium 
and phosphorus levels were increased in animals given 1100 ppm, irrespective of dietary-iron content. 

In a study focusing on the absorption and distribution of manganese and on behavioural effects,  
6-week old male ddY mice were fed untreated diet (containing 130 mg Mn/kg) or a diet containing 
added manganese at 2 g/kg diet (as MnCl2, MnCO3 or MnO2) for 100 days, and their food intake and 
growth performance were measured (Komura & Sakamoto, 1991). Mice were bled at the end of the 
study for haematological investigations. Effects were limited to a significant reduction in growth 
performance and reduced red cell counts in mice given manganese chloride, and a reduced white cell 
count in those given manganese chloride or dioxide. In a subsequent paper, principally addressing the 
possible neurotoxicity of manganese, the same authors report a study in which ddY mice were fed the 
same diets from six weeks of age for a period of 12 months (Komura & Sakamoto, 1992). Although 
food intake was unaffected, body weight gain was reduced from 9 months in mice fed a diet 
containing manganese chloride or manganese carbonate, and at the end of the study in mice fed diet 
containing manganese oxide. In a further paper by the same authors, again focusing on neurotoxicity, 
feeding diet containing manganese chloride at 2.0 g/kg to ddY mice for 12 months had no affect on 
food intake (Komura & Sakamoto, 1994).  

7.3.3.4 Non-dietary oral administration 
Short-term exposure 

Several studies in rodents have investigated manganese toxicity following oral, non-dietary 
administration (i.e. via drinking water or oral gavage). Of these, the majority have involved short- or 
medium-term treatment durations.  

In a short-term study, following a 15-day period of being fed either normal or iron-free diet, rats were 
given manganese chloride at 10 mg/kg/day by oral gavage for 15 days. A control group was given 
physiological saline alone and was maintained on the normal diet throughout (Chandra & Tandon, 
1973). Although the livers of rats given manganese chloride and fed a normal diet showed only very 
small areas of focal necrosis, those treated animals fed the iron-free (i.e. iron-deficient) diet showed 
marked necrotic change and severe dilatation and congestion of central veins and adjacent sinusoids. 
Similarly, slight congestion of the renal cortical regions were noted in normally-fed manganese 
chloride-dosed rats while iron-deficient rats treated with manganese chloride showed marked 
congestion of the whole parenchyma and evidence of tubular degeneration and inflammatory 
response. Analysis of the manganese content of these organs showed a significantly higher manganese 
content in the iron-deficient rats. The general condition of the animals was not reported, and the 
significance of the changes observed were unclear. 

In a detailed paper that focused on neurobehaviour, no change in food or water intake or in growth 
performance was noted in female albino rats given manganese chloride at 357 or 714 µg/kg/day 
(stated by the authors as approximately 2- to 4-fold the daily intake of the human population in 
Turkey) by oral gavage for 30 days. These doses resulted in significantly elevated serum manganese 
levels (treated, 8.29 ± 3.74 or 10.18 ± 4.04 µg/ℓ, respectively; controls, 3.54 ± 1.07 µg/ℓ), while 
hepatic and brain manganese levels were also reported as showing a significant, dose-related increase 
(Sentürk & Öner, 1996). In a further neurotoxicity study, male ITRC rats were fed synthetic diets 
containing standard or low protein levels (21 or 10% casein). After 30 days, some rats were given 
drinking water containing manganese (as MnCl2 4H2O) at 1 mg/mℓ (equivalent to 9.7 mg/rat/day) for 
a further 30-day period. While the low casein diet resulted in a marked reduction in growth (48% less 
than the standard diet), manganese treatment did not affect growth performance or serum protein 
levels (Murthy et al., 1981a). As part of the pharmacokinetic study by Roels et al. (1997) discussed 
previously, male Sprague-Dawley rats were given either manganese chloride or manganese dioxide at 
24.3 mg Mn/kg bw/week, once a week for 4 weeks, by oral gavage. The authors reported no 
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significant effect on body weight and no clinical signs. In addition, histopathological examination of 
the gastrointestinal tract showed no treatment-related abnormality. 

In a study that focused on rodent learning ability, adult female albino rats were given distilled water 
alone or manganese (as MnCl2 4H20) at 357 µg/kg/day, by oral gavage, for 30 days. Others groups 
were given this dose for 15 days, followed by a 15-day period of withdrawal from treatment. Other 
groups were given mevinolin (a competitive inhibitor of 3-hydroxy-3-methylglutaryl coenzyme A, the 
rate-limiting enzyme in cholesterol biosynthesis) either alone or in combination with manganese 
chloride. All rats were fed untreated diet (containing 59.5 µg Mn/g; Öner & Sentürk, 1995). Tissue 
manganese levels were measured (summarised in Table 7.13 for controls and groups given manganese 
chloride alone). In terms of general toxicology, treatment of animals with 357 µg Mn/kg/day appeared 
well tolerated, with no effect on growth, food or water intake. However, significantly increased 
cholesterol levels in the serum, liver and various brain regions were associated with the significantly 
elevated manganese levels found in these tissues; some evidence of recovery was seen following a 
period of withdrawal from treatment. Co-treatment with mevinolin reduced the magnitude of the 
effect in the liver and hippocampus and eliminated the effect in the other brain regions and the liver, 
despite the level of manganese in these tissues still being significantly higher than controls.  

Table 7.13 Summary of mean (± SD) tissue manganese levels found in rats following oral 
exposure for 15–30 days  

 Serum Liver Cerebellum Cortex Hippocampus 
Treatment (µg/ℓ) (µg/g wet) (µg/g wet) (µg/g wet) (µg/g wet) 

Control 3.54 ± 1.07 1.59 ± 0.20 0.52 ± 0.06 0.46 ± 0.08 0.48 ± 0.08 
MnCl2 – 15 days 4.0 ± 0.47 1.61 ± 0.16 0.54 ± 0.14 0.46 ± 0.07 0.64 ± 0.18 
MnCl2 – 30 days 8.29 ± 3.74 2.17 ± 0.23 0.70 ± 0.12 0.61 ± 0.17 0.82 ± 0.32 
From Öner and Sentürk, 1995 
SD, standard deviation 

In a study on the distribution and excretion of manganese, Wistar rats were given water alone or 
manganese (as MnCl2) at 75 mg/kg bw/day, 5 days/week, for 4 weeks, by oral gavage, followed by a 
2-week period of withdrawal from treatment (Missy et al., 2000). A significantly lower body weight 
gain was noted in the manganese-treated group (brain manganese level, 4.8 ± 1.9 µg/g dry weight; 
control value, 1.2 ± 0.2 µg/g) from day 6 of treatment, with recovery by day 7 of the withdrawal 
period. 

Several short duration studies have been conducted on neonates, providing information from which to 
assess if there are likely to be age-related differences in susceptibility to manganese.  

In a study on the distribution of manganese and monoamines in the developing rodent brain, 
manganese chloride was given by oral gavage to Long-Evans hooded rats, from postnatal day 1 to day 
21 (25 or 50 µg/g/day; equivalent to Mn doses of 6.9 or 13.8 µg/g/day, respectively). Hepatic 
manganese levels at day 21 were 3.07 ± 0.21 and 6.18 ± 0.49 µg/g, respectively, compared with a 
control value of 1.99 ± 0.18 µg/g. Growth performance was not significantly affected (Kontur & 
Fechter, 1988).  

In contrast, a well reported study by Rehnberg et al. (1980) reported significant adverse effects 
following the dosing of Long-Evans rats with manganese oxide (MnO4) particles of 0.6 µm average 
diameter in a 50% sucrose solution at 21, 71 or 214 mg Mn/kg/day, from postnatal day 1 to 20. By 
day 21, a dose-related increase in manganese levels was noted in the liver, kidney, brain and testes of 
treated rats. Brain manganese levels at this time were: 0.36 ± 0.08, 2.5 ± 0.6, 7.7 ± 3.0 and 
9.4 ± 3.0 µg/g wet tissue for the control, 21, 71 and 214 mg /kg/day treatment groups, respectively. 
Treatment-related deaths occurred from 12 days of age and, unusually, the authors included the results 
of probit analysis conducted on survival data for days 15, 18 and 21, which indicated LD50 values of 
403, 353 and 225 mg/kg/day, respectively. Other effects detected during the course of the study 
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included reduced growth at 71 mg/kg/day or above, from day 3 of age and, at the highest dose, effects 
on organ weight relative to body weight values for the brain, testes and kidney at days 12, 15 and 18, 
respectively. Reduced liver weight was also noted at 71 or 214 mg/kg/day from day 18, while liver 
iron content was reduced in all treated groups from day 9. Haematological investigations on the 
control and high dose groups revealed treatment-related reductions in red blood cell count, 
haematocrit and haemoglobin levels from day 15, with dose-relationship being shown for these 
parameters when all groups were sampled at day 21. 

As part of a well reported study looking at developmental neurotoxicity, female CD rats were given 
manganese chloride at 25 or 50 mg/kg bw/day, by daily oral gavage, from postnatal day 1 to 21 and 
then studied until day 49 of age (Brenneman et al., 1999). Although growth performance was not 
affected during the treatment period, a significant depression in body weight and a slight increase in 
the number of dead or moribund pups were noted for the high dose group only, by the end of the 
study. Treatment with manganese chloride at 25 or 50 mg/kg bw/day also resulted in increased 
manganese levels, of 79 and 127%, respectively, in the cerebellum.  

Treatment of juvenile albino rats with manganese chloride (as MnCl2 4H20) in drinking water, at a 
concentration of 1 mg/mℓ, for 30 days, did not affect growth or result in any obvious change in 
behaviour, despite a dose–related increase in striatal manganese levels (treated, 3.89 ± 0.33; control, 
2.21 ± 0.18 µg/g dry weight; (Shukla & Chandra, 1981a). The same workers also reported that no 
effects were apparent on behaviour, body weight, water intake, erythrocytic count or protein level, 
when adult male Druckery rats were given manganese (as MnCl2), at 5, 15 or 30 ppm drinking water, 
for 30 days (Gupta & Shukla, 1997). A 16% decrease in erythrocytic superoxide dismutase activity 
was reported although erythrocytic glutathione reductase and catalase activities were unaffected. 
Since the achieved intakes of manganese were not reported in these studies, the significance of the 
findings cannot be interpretation with any degree of certainty.  

A number of studies in which the main focus was on neurotoxicity have provided information on the 
susceptibility, to manganese, of rats at different ages; however, studies have failed to demonstrate an 
unequivocal pattern of response.  

In a well-reported study, Dorman et al. (2000) dosed CD rat pups with either water alone or 
manganese (as MnCl2 4H2O at 25 or 50 mg/kg bw/day), by micropipette, from the day after birth for 
21 days. On postnatal day 4, litter size was reduced to four animals of each sex, whenever possible. 
Dams were untreated throughout. A significant decrease in body weight gain was noted for pups of 
the high dose group compared with controls. In a separate phase, treatment of adult male CD rats with 
the same regimen had no significant effect on body weight. In both pups and adults, no death or 
treatment-related clinical sign was noted and there was no effect on brain weight. In an earlier study, 
in which male CD rats pups were given manganese dichloride at 1, 10 or 20 µg/kg bw/day, by oral 
gavage, from birth for 24 days, no overt sign of toxicity or effect on body weight was noted (Deskin et 
al., 1981). 

In a further study, weanling (30-day old) and adult (90-day old) out-bred rats derived from a Sprague-
Dawley CD strain, were given manganese (as MnCl2, 10 or 20 mg/kg bw) by daily oral gavage for 
30 days (Lipe et al., 1999). A marked age-related difference in response was noted; no effect on 
growth was observed in the weanlings but there was a dose-related overall reduction in growth 
performance in adults. Although not clearly stated by the authors, it appears from the data presented 
that the effect on growth, particularly at the high dose, was largely attributable to transitory body 
weight stasis or loss during the first 12 days of treatment. 

A number of other short-duration rodent studies have reported on the effect of manganese on specific 
physiological or biochemical endpoints. 

In a recent and well-reported investigation of potential interactions between liver cirrhosis and the 
effects of manganese on the CNS, sham-operated or bile duct ligated adult male Wistar rats were 
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given either untreated drinking water or water containing manganese (as MnCl2 4H20) at 0.5 or 
1 mg/mℓ for 4 weeks (Montes et al., 2001). The achieved doses for the 0.5 or 1 mg/mℓ treatment 
levels were 1704 and 3155 mg/kg for sham-operated, and 1342 and 2221 mg/kg for bile duct ligated 
rats, respectively. Manganese treatment exaggerated, in a dose-related manner, the reduction in water 
intake noted in bile duct ligated animals. Although bile duct ligated rats gained less weight than the 
sham-operated groups and, in each case, rats exposed to manganese appeared to grow less well than 
rats given drinking water alone, detailed statistical analysis showed that the apparent influence of 
manganese treatment was not significant. Investigations at the end of the study showed no effect of 
manganese treatment on serum total, conjugated or unconjugated bilirubin levels, alanine 
aminotransferase activity, or liver hydroxyproline content (a measure of collagen content).  

In a study on the changes in manganese and copper content of various tissues of rats in response to 
treatment with an unspecified manganese compound at 6 mg/kg bw/day by oral gavage for 30 days, 
Murthy et al. (1981b) reported a significant reduction in the serum levels of the copper-containing 
protein ceruloplasmin in treated animals. In a short paper on a study in albino rats investigating the 
possibility that lipid peroxidation might play a role in heavy metal hepatotoxicity, Rana and Kumar 
(1984) noted that treatment of albino rats with an unspecified form of manganese at 
250 mg/kg bw/day, by oral gavage, for 30 days was associated with a marked increase in hepatic 
levels of malonaldehyde (a product of lipid peroxidation). Given the limited reporting of these studies, 
they are not considered further. 

In a study of medium-term duration, adult male Wistar rats were provided with distilled water alone 
or water containing manganese (as MnCl2) at 0.5% for up to 6 weeks. A transitory rise in hepatic aryl 
hydrocarbon hydroxylase, ethoxycourmarin-o-deethylase and epoxide hydrase activities was noted 
after 1 week, with levels subsequently returning to near control values. Less pronounced changes in 
the enzymatic profile of the intestine and kidneys were also noted; again the effect was most marked 
after the first week. No estimate was given of achieved doses, although blood manganese varied 
between three and eight times the control values. Blood manganese levels were highest in the first 
week and decreased markedly by week 4 but there was a slight increase at week 6 (Hietanen et al., 
1981).  

Subhash and Padmashree (1991) reported that treatment was generally well tolerated when adult 
albino rats were given drinking water containing manganese chloride at 0.54 mg/mℓ (equivalent to a 
daily intake of 4.5 mg Mn/day) for 90 days. Body weight gain and survival were unaffected but 
apparent hyperactivity was noted in a few treated animals. A 2- to 3-fold increase in manganese 
content was noted in all brain regions of treated rats (e.g. cortical levels – treated, 3.20 ± 1 µg Mn/g; 
control, 1.15 ± 0.15 µg Mn/g). In addition, in a poorly reported study of 91 days’ duration, which did 
not estimate achieved dose, treatment with manganese chloride at 100 ppm in drinking water was 
reported to be well tolerated; effects were limited to a non-significant increase in body weight gain 
and a slightly elevated food intake (Freundt & Ibrahim, 1990).  

As part of a reproductive and developmental study, Ali et al. (1983) gave groups of male and female 
rats, maintained on normal (21% casein) or low (10% casein) protein diets, either untreated drinking 
water or water containing manganese chloride for 90 days. The achieved intake of manganese varied 
between 377 and 410 mg/kg/day in the first 30 days of treatment, and 305 to 675 mg/kg/day for 
days 60 to 90. Subgroups were killed after 90 days for measurement of brain weight and brain 
manganese content and for analysis of brain and plasma protein levels. Other animals were transferred 
from the low to the normal protein diet for a further 28 days. A further group entered a reproductive 
phase. The authors reported that exposure to manganese chloride was generally well tolerated, and did 
not influence the effect of dietary protein level on growth performance, food intake, brain weight, or 
brain and plasma protein levels. While water intake was lower in rats given manganese chloride, 
irrespective of diet type, brain manganese content was significantly elevated in treated animals (e.g. 
treated rats on normal diet, 1.84 ± 0.13 µg/g; controls on normal diet, 0.84 ± 0.15 µg/g). 
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The effects of manganese on gastrointestinal function were reported in a study by Venkatakrishna-
Bhatt and Panchal (2001). Charles Foster mice were given drinking water containing manganese at 
840 mg/ℓ (reported as 3 mg/mℓ MnCl2 4H20). Controls were provided with tap water (no information 
reported on level of manganese). Gastrointestinal motility was assessed by visual observation of the 
gastrointestinal tract taken from animals killed 15 minutes after gavage with a 10% charcoal in 5% 
gum acacia, following 30 or 60 days exposure to manganese chloride. Increases in motility of 
approximately 15 and 29% were noted in the 30-day and 60-day exposure groups, respectively. 
Although the authors speculated about the possible cause, no experimental investigations into the 
aetiology were conducted. Since the achieved dose was not reported, it is not possible to assess the 
significance of this finding, if any, to other exposure scenarios. 

Evidence of an effect of manganese on thyroid function was provided by a series of studies reported 
in a paper by Kawada et al. (1985). The methodology and results for these studies were poorly 
reported. However, treatment of juvenile (4-week old) ddY mice with manganese chloride in the 
drinking water at 200 ppm for 7 weeks was reported to result in development of a colloid-rich goiter 
in female but not intact male mice. This was associated with a slight but statistically significant 
decrease in serum thyroxine level although serum tri-iodothyronine level was not affected. Treatment 
with radiolabelled manganese (54Mn) by daily oral gavage for 4 weeks also resulted in the goitrogenic 
response in females only. Castrated males also showed a goitrogenic response to manganese chloride; 
however, this was blocked by co-treatment with testosterone. In a multigeneration reproductive study, 
Nishida et al. (1988) provided further evidence of thyroid effects in mice. Exposure of ddY mice to 
manganese chloride at 200 mg/ℓ for 7 weeks, followed by sacrifice at 11 weeks of age, did not 
significantly affect body weight but did significantly increase thyroid weight in non-pregnant females; 
no significant effect was noted in males. However, there was no significant change in serum thyroxine 
in females or in the rate of iodine incorporation into the thyroids of males or females. 

Chandra and Imam (1973) investigated the effect of manganese on the gastrointestinal tract, reporting 
on histopathological and histochemical changes in the gastric mucosa of guinea-pigs following 
treatment with manganese chloride. Male guinea pigs were given manganese chloride at 
10 mg/kg/day by oral gavage for 30 days, before sacrifice and gross and microscopic examination of 
the stomach and small intestine. Untreated and vehicle (physiological) controls were included in the 
study design. Samples were also examined histochemically for adenosine triphosphatase, acid 
phosphatase and glucose-6-phosphatase activities. Effects attributed to manganese chloride included, 
in the gastric mucosa, epithelial necrosis, loss of mucin and pepsinogen granules, and decreased 
adenosine triphosphate and glucose-6-phosphatase activities. For the intestinal villi, effects comprised 
areas of necrosis and decreased adenosine triphosphate and glucose-6-phosphatase activity. In the 
intestinal mucosa, acid phosphatase activity was, however, increased. In this paper, the methodology 
was only reported very briefly, and no data on the incidence of the findings between the groups were 
presented. In addition, the study did not attempt to identify a possible mechanism for the observed 
changes. 

Long-term exposure 

Only two studies on long-term exposure were identified, one by oral gavage and the other on drinking 
water administration. 

As part of a study on potential chromosomal toxicity, Dikshith and Chandra (1978) reported that no 
death occurred when male albino rats were given daily oral doses of manganese chloride tetrahydrate 
at 50 µg/kg/day for 180 days.  

In another study focusing on the potential neurobehavioural effects of manganese, male adult 
Sprague-Dawley rats were provided with untreated drinking water or water containing manganese 
chloride tetrahydrate at 1 mg/mℓ, for 65 weeks (Nachtman et al., 1986). Although neurobehavioural 
effects were identified, no other overt clinical signs were reported, and the growth performance of the 
rats was unaffected by treatment. 
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7.3.3.5 Parenteral administration 
Short-term exposure 

A number of studies on non-rodent species have investigated the toxicity of manganese containing 
chemicals when administered through parenteral routes. These have shown manganese chloride to be 
poorly tolerated in dogs, at an intravenous dose of 16 mg/kg/day, and in monkeys, when administered 
at a dosage estimated to be at least 55 mg/kg/week through an unspecified injection route. Studies in 
rabbits have also identified treatment-related changes following parenteral injection at dosages of 
1 mg Mn/kg bw/day or greater. Targets of toxicity in the different species showed some variation, but 
included the cardiovascular and haemopoietic systems, and the liver, kidneys and gastrointestinal 
tract. 

Rhesus monkeys (described in the paper as Indian red-haired monkeys, Macaca mullata), weighing 
between 3.5 and 4.5 kg at the start of the study, were given once weekly injections of manganese 
dioxide (0.25, 0.5 or 1.0 g) for 9 weeks and monitored for a total of 3 months (Suzuki et al., 1975). 
The reporting of the methodology was very brief and did not specify the site of injection, sex of the 
monkeys, achieved doses or the clinical pathological or other observational methodologies employed. 
However, the brain manganese contents reported for some monkeys suggested that a dose-related 
accumulation of manganese had occurred. For example, values for the caudatus nucleus of the central 
basal ganglia were 5.43–5.89 µg/g, dry weight, in controls and 63.60 µg/g in one monkey given 1.0 g 
of manganese dioxide. Elevation of serum manganese levels was clearly apparent only at the high 
dosage. In addition to a range of severe neurological or neurobehavioural effects, the authors reported 
loss of coat condition, alopecia and hypersteatosis, and facial and opisthenar oedema, among treated 
animals. Altered albumin and globulin profiles were observed in treated animals, as were slight 
hypoferremia and hypercupremia. Although no data were presented, reductions in erythrocyte count, 
haemoglobin concentration, haematocrit and lymphocyte counts, and increased neutrophil count were 
also stated to have occurred. The reported changes did not show a strict dose–relationship and detailed 
pathological examination did not reveal any treatment-related changes. The limitations in the 
reporting of this study restrict its usefulness for assessing the toxicity of manganese.  

In a detailed and well-reported study, conducted in compliance with US National Institute of Health 
animal welfare guidelines, Khan et al. (1997) reported on the subacute toxicity of manganese (as 
MnCl2) given by intravenous administration in 0.9% sodium chloride solution to male Beagle dogs for 
up to 4 days. Dogs aged approximately 8 months were surgically implanted with a dosing catheter, 
from the femoral vein into the vena cava, blood pressure probes in the femoral artery and 
subcutaneous electrocardiogram leads. After a period of recovery, the dogs were given saline alone or 
a manganese chloride solution (2 mg/mℓ, at a rate of 4 mg/kg/hour, for 4 hours/day, for up to 4 days, 
resulting in a daily dose of 16 mg/kg). In addition to detailed monitoring for clinical signs and 
measurement of food intake and body weight change, blood was taken 20 minutes after completion of 
dosing on day 1 and from each moribund animal before sacrifice. A detailed pathological examination 
was undertaken on all dogs. From about 2 hours after dosing on day 1, treated animals showed 
tremors and decreased spontaneous activity and produced soft or watery red stools. Progressive loss of 
appetite with associated body weight loss was noted from day 1. Two dogs were killed in a moribund 
condition on days 3 and 4, respectively, and a further animal was found dead on day 4. Changes in 
cardiovascular parameters from day 1 included decreased systolic pressure, lesser changes in diastolic 
and mean arterial pressures, and increased heart rate. These effects started to develop shortly after the 
start of infusion and recovery and continued for up to 20 hours. Electrocardiograms showed ST 
segment depression and sinus tachicardia. Clinical pathology evaluation demonstrated a severe and 
rapidly developing hepatotoxic response; marked increases in serum alanine aminotransferase, 
aspartate aminotransferase, alkaline phosphatase and total bilirubin, decreases in blood glucose and 
prolonged prothrombin and activated partial thromboplastic times were noted, from 20 minutes after 
completion of the first dose. Other changes were noted: a mild to moderate potassium depletion 
(probably associated with vomiting and diarrhoea); disturbance of electrolyte levels and altered 
haematological profiles (probably largely attributable to dehydration); and altered blood urea nitrogen 
and phosphorus levels. Pathologically, effects included a severe periportal to massive hepatocellular 
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necrosis with loss of hepatic architecture, changes in the gall bladder and biliary structures, and mild 
to severe congestion and haemorrhage of the gastrointestinal tract. Depletion of the gut-associated 
lymphoid tissue, thymus and lymph nodes, pulmonary congestion and alveolar haemorrhage, and 
perivascular haemorrhage of the cervical spinal cord were also noted in treated animals.  

In a study reported by Pashinskii et al. (1975), rabbits of an unspecified strain were given manganese 
chloride at 0.5 or 5 mg/kg/day by daily intramuscular injection for 2 months. Achieved blood 
manganese levels were — control 584 ± 74, low dose 600 ± 41, and high dose 1470 ± 295 µg/ℓ. 
Subgroups were retained for a further 2-week period without treatment before sacrifice. Animals were 
subject to clinical pathological investigations after 1 or 2 months treatment. The group size was not 
stated in the methodology, and it was unclear if controls were given vehicle or sham injections. 
Although detailed study methodology was not presented and the results were poorly reported, it is 
apparent that the doses used were generally well tolerated. No overt clinical signs or deaths were 
noted, and no changes were seen in blood profile for the parameters investigated (including 
erthyrocyte and leukocyte counts, and blood residual nitrogen and sugar levels). In addition, no organ 
weight or histopathological change was noted. Dose-related histopathological changes were noted at 
the injection sites of treated animals; these included focal swelling, hydrophic dystrophy, necrosis and 
granulomatous change. However, examination of rabbits given 2 weeks respite from treatment 
revealed rapid recovery. The only other suggestion of a possible treatment-related change was the low 
adrenal ascorbic acid level noted at 0.5 mg/kg/day, although this is considered of questionable 
significance given the lack of any effect at the high dose (5 mg/kg/day).  

The effect of repeated intravenous administration of manganese chloride on renal pathology and 
histochemistry has been studied in male rabbits by Imam and Chandra (1974). Rabbits were injected 
with saline alone or manganese (as MnCl2 4H2O, 3.5 mg/kg bw/day) for up to 60 days; an untreated 
control group was also included. Rabbits were killed after 4, 8, 16, 30 or 60 days, and the kidneys 
were examined for pathological change and histochemical alterations in the distribution of succinic 
dehydrogenase, monoamine oxidase, adenosine triphosphatase, glucose-6-phosphatase, and acid or 
alkaline phosphatases. Although macroscopic renal lesions were noted only from day 16, congestion 
of glomerular tuffs and interstitial haemorrhage were apparent microscopically from day 8. The 
changes progressed; clear degeneration of the proximal convoluted tubule was noted at day 16 and a 
picture of moderate tubular destruction and cortical fibrosis was apparent by day 60. Histochemically, 
the first change detected was loss of succinic dehydrogenase activity in the proximal convoluted 
tubules from day 4. Adenosine triphosphatase and glucose-6-phosphatase levels decreased from 
day 8, and alkaline phosphatase and monoamine oxidase were decreased by day 30. These changes 
were progressive. In addition, acid phosphatase activity was increased in the renal cortex at day 30. 

Rabbits were given intravenous injections of a 1% solution of manganese chloride, equivalent to 
3.5 mg Mn/kg bw/day, for 32 days. The level of reduced glutathione was measured in erythrocytes 
from blood collected on days 21 and 32 (Jonderko & Wegiel, 1966). The methodology used was not 
reported in detail, and it should be noted that the group sizes for treated and vehicle controls were 
different (10 and 6, respectively) and animals were of a wide age range (6 to 12 months). The authors 
reported initial excitability of animals following treatment, changing to sluggishness (with tremors, 
dysbasia or excessive salivation in some animals) and loss of appetite by the end of treatment. 
However, it was not definitively stated that these findings related solely to the manganese-treated 
rabbits. Significant reductions in erythrocytic reduced glutathione levels were noted for treated rabbits 
after 21 and 30 days.  

In a short and not very detailed paper, Khosla et al. (1983) reported on the results of fundal 
electroretinographic and histopathological examination of the eyes of adult rabbits given 
intraperitoneal injections of 0.2% manganese sulphate in 1 mℓ quantities on alternate days for up to 
8 weeks. Although no clinically obvious effect of treatment was noted, a significant decrease in 
‘a’ wave, an increase in ‘b’ wave and a decrease in total electroretinography were reported at week 8. 
Hydropic degeneration of the photoreceptors was noted on histopathological examination. The 
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authors suggested that this might represent either a direct toxic effect of manganese on the retina or an 
indirect effect through disturbance of trace element homeostasis. 

A number of studies have investigated the effect of parenteral administration of manganese to rats, 
and one study has employed mice. In the majority of cases the treatment periods have been less than 
90 days.  

As part of a pharmacokinetic study, male Sprague-Dawley rats were given intraperitoneal injections 
of manganese (as MnCl2 or MnO2) at 1.22 mg/kg bw/week, once a week for 4 weeks. There was no 
significant effect on body weight, and no clinical signs were noted. In addition, histopathological 
examination of the liver revealed no treatment related abnormality (Roels et al., 1997). 

In a study on the distribution and excretion of manganese, Wistar rats were given intraperitoneal 
injections of saline alone or manganese (as MnCl2) at 6 mg/kg bw/day, 5 days/week, for 4 weeks 
followed by a 2-week period of withdrawal from treatment (Missy et al., 2000). Brain manganese 
levels in rats given manganese were 0.90 ± 0.10 µg/g dry weight (saline controls, 0.43 ± 0.04 µg/g). A 
significantly lower body weight gain was apparent from day 3 of treatment. Clear evidence of 
recovery was noted during the period of withdrawal from treatment (i.e. effects noted were earlier in 
onset, more marked and did not show recovery similar to that noted in the oral administration group, 
described above). 

In a study investigating the interaction between stress (in the form of physical immobilisation) and 
manganese treatment on the CNS, male hooded rats were given intraperitoneal injections of 
physiological saline, alone, or manganese (as MnCl2 solution), at 4 mg/kg/day for 30 days (Chandra et 
al., 1979). Groups restrained for 2 hours per day and not treated with manganese or restrained and 
also dosed with manganese were included. Significant reductions in serum tyrosine and tryptophan 
were noted among both manganese treated and restrained rats; rats that were both treated and 
restrained were the most affected. No effect on body weight was reported. In a further study, which 
also considered brain biochemistry, evidence of an age-related difference in susceptibility was noted 
in males albino rats given intraperitoneal injections of manganese (as MnCl2 4H2O, 15 mg/kg bw/day) 
for 30 days (Shukla et al., 1980). At the end of the treatment period, blood levels of tyrosine, 
tryptophan, and total and free amino acids and hepatic levels of tryptophan were reduced in 
manganese-treated rats; effects were much more marked in juveniles. Indeed, hepatic levels of 
tyrosine were only reduced in juveniles. The activities of tyrosine aminotransferase and tryptophan 
oxygenase were increased in the liver of the juveniles but only a slight increase in tyrosine 
aminotransferase activity occurred in adults. The authors suggested that the age-related differences in 
response might reflect the higher manganese levels achieved in juveniles (increase of 194% in 
juveniles and 122% in adults, compared with saline-treated controls). 

In a brief paper, hepatic changes were also noted in male albino rats following intraperitoneal 
administration of manganese (as MnSO4 4H20, 6 mg/kg/day) for 30 days (Chandra & Saxena, 1975). 
Findings comprised a mild congestion of the central veins and adjacent sinusoids, and mild 
proliferation of the bile ducts. Interestingly, a further group of rats, pretreated with carbon 
tetrachloride every third day for ten occasions before dosing with MnSO4, displayed more marked 
hepatic changes than those given either the manganese salt or carbon tetrachloride alone. 

As described in a short paper, manganese (as MnCl2), at 4 mg/kg bw/day, was given by 
intraperitoneal administration, for 30 days, to male albino rats, fed a normal (21% casein) or a low 
(8% casein) protein diet. Reduced-glutathione levels were decreased in the liver and testes of rats fed 
the normal diet. In rats fed a low protein diet, reduced-glutathione levels were lower in liver, testes, 
brain and kidneys (Srivastava et al., 1989). Similarly, glutathione reductase and glucose-6-phosphate 
dehydrogenase activities were significantly reduced in these organs, particularly in rats given the low 
protein diet.  
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Daily intraperitoneal injection of manganese (as MnCl2 4H2O) at 4 mg/kg bw/day for 30, 60 or 
90 days resulted in changes in the glycolytic cycle and mitochondrial functions of rats. The 
magnitude of the changes tended to increase with time, which probably reflected the increased levels 
of hepatic manganese found in the rats during the course of the study (e.g. hepatic levels at day 90 — 
treated, 6.59 ± 0.38; controls, 2.39 ± 0.12 µg/g; Shukla & Chandra, 1982). Effects noted comprised 
reduced levels of blood pyruvic and lactic acids after 60 and 90 days and, from day 30, decreased 
hepatic pyruvic acid content. However, normal and fasting liver glycogen and protein levels were 
unaffected. Measurement of hepatic enzyme activities showed decreased glycogen-6-phosphorylase 
and lactate dehydrogenase activities and increased phosphoglucoisomerase and glucose-6-
phosphatase activities, from day 60. Throughout the study, fructose-1,6-diphosphate aldolase and 
fructose-1,6-diphosphatatse activities were increased and hexokinase activity was decreased. For the 
mitochondrial fraction, a transitory decrease in succinic dehydrogenase was noted at day 30, malate 
dehydrogenase and adenosine triphosphatase were decreased from day 60, and NADH-cytochrome-c-
reductase and diaphorase were reduced throughout. 

Biochemical markers of platelet function were investigated as potential peripheral markers of 
manganese-induced neuropathy. Several parameters were compared in the corpus striatum and 
platelets of adult male Druckery rats, following intraperitoneal administration of either saline alone or 
a saline solution containing manganese (as MnCl2) at 10 or 15 mg/kg bw/day, for up to 45 days 
(Husain et al., 2001). Changes in platelet function included, in both treatment groups, significant 
decreases in fluorescence polarisation (using 1,6-diphenyl 1,3,5-hexatriene as the fluorescence probe, 
indicating increased membrane fluidity), catalase activity and reduced-glutathione levels and a 
significant increase in superoxide dismutase activity. Such changes reflected the biochemical changes 
in the brain after 45 days of treatment. In addition, a significant increase in dopamine receptor 
numbers on platelets was also demonstrated for treated rats, after 15 days, using a 3H-spiperone 
binding assay. The authors interpreted these findings as indicating that manganese exposure led to 
impairment of both anti-oxidant defence mechanisms and cellular membrane function. 

Treatment-related changes were noted in the testes, liver and brain of albino rats given manganese (as 
MnSO4 4H20) by intraperitoneal injection at 6 mg/kg bw/day, for 25 days (Singh et al., 1974). 
Testicular manganese levels were 45.45 ± 4.0 nmol/g wet weight in treated rats compared with 
10.91 ± 0.72 nmol/g in controls. The testis was identified as the principal target organ. Decreased 
activities of succinic dehydrogenase, lactate dehydrogenase and acid phosphatase were noted in the 
testes. Testicular ribonulease, adenosine triphosphatase and alkaline phosphatase activities were 
increased. Histopathological examination showed degenerative changes in the seminiferous tubules, 
associated with a marked reduction in spermatids and spermatocytes. In the brain, manganese levels 
were 41.82 ± 9.40 nmol/g and 16.36 ± 0.18 nmol/g in treated and controls rats, respectively. While 
succinic dehydrogenase, lactate dehydrogenase and acid and alkaline phosphatase activities were 
markedly decreased, ribonuclease and adenosine triphospatase levels were practically unaffected, and 
no micropathological change was identified. The hepatic manganese level in treated rats was 
151.09 ± 13.82 nmol/g (control, 41.82 ± 0.91 nmol/g); only hepatic succinic dehydrogenase and 
lactate dehydrogenase were decreased; ribonuclease activity showed a marked increase. Dilatation 
and mild congestion of the central hepatic veins and adjacent sinusoids were noted in treated animals, 
as were prominent Kupffer cells and a few areas of focal necrosis and increased periportal cellularity.  

In a further study, male hooded rats were given intraperitoneal injections of manganese (as MnSO4) at 
6 mg/kg bw/day, for 30 days. Extensive degenerative changes were seen in the seminiferous 
epithelium, with marked decreases in tubular spermatid and spermatocyte numbers (Chandra et al., 
1975). In contrast, co-treatment with zinc sulphate at 2 mg/kg/day resulted in no observed 
morphological effect. Analysis of the testes for manganese and zinc content demonstrated that co-
administration resulted in a reduction in the manganese concentration and a higher zinc level than was 
found in rats given MnSO4 alone. Manganese chloride has also been shown to affect testicular amino 
acid metabolism in the albino rat. Daily intraperitoneal injection with manganese chloride at 
8 mg/kg/day resulted in significant increases in testicular levels of alanine, cysteine, leucine, proline, 
phylalanine and glutamine after 60, but not 30 days. However, levels of aspartic acid, glycine, 
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threonine, serine, valine and lysine were unaffected. Testicular manganese levels were approximately 
four or nine times higher than those of controls at 30 and 60 days, respectively; the manganese level 
was 27.51 µg/g in treated animals, by day 60 (Kar et al., 1972). 

The greater than 20% reduction in body weight gain recorded in male F-344 rats following daily 
intraperitoneal injection with manganese chloride at 15 mg/kg bw/day for 6 weeks, suggested that the 
maximum tolerated dose had been exceeded (Hong et al., 1984). In treated animals, blood levels of 
testosterone and corticosterone were reduced in comparison with those in control rats treated with 
physiological saline alone.  

One study has reported an adverse pancreatic response in Sprague-Dawley rats given manganese at 
3.0 mg/kg bw/day by intraperitoneal injection for 30 days (Scheuhammer, 1983). Light microscopic 
examination was reported to show expanded interacinar spaces, dilatation of blood vessels, a 
thickened connective tissue capsule containing increased numbers of fibroblasts and inflammatory 
cells, associated fibrosis and increased iron content in the pancreas. Other abdominal organs were not 
similarly affected. Other studies reviewed have not reported any such effects. 

One study reported that manganese chloride was generally well tolerated when given to male CD-1 
mice by intraperitoneal injection at 1, 3 or 10 mg/kg bw/day for 4 weeks (Srisuchart et al., 1987). 
There were no deaths or overt signs of toxicity, and kidney, adrenal and thymus weights were 
unaffected. At the highest dose, food and water intakes were slightly lower, and spleen and liver 
weights were slightly higher. Haematological investigations showed a slight reduction in packed cell 
volume at 3 or 10 mg/kg/day. 

Long-term exposure 

Khandelwal et al. (1981) gave adult male rabbits intraperitoneal injections of manganese (as 
MnCl2 4H20) at 1 mg/kg, 6 days/week, for 180 days. Plasma levels at the end of the treatment period 
were 129.0 µg/ℓ and 116.2 µg/ℓ in treated and control animals, respectively. Analysis of blood 
samples showed a significant decrease in serum alkaline phosphatase activity and an increase in 
serum cholesterol in treated rabbits from day 15. Blood haemoglobin content was significantly 
decreased between days 15 and 105 of treatment. However, the results of the study cannot be 
confidently interpreted, owing to the poor reporting of the experimental design and the confusing and 
incomplete reporting of the results (in particular the structure of the control group and the basis for 
statistical comparisons). 

In a study involving long-term treatment, Jcl-Wistar rats were given physiological saline alone or 
manganese chloride at 0.5, 2 or 8 mg/kg bw by intraperitoneal injection, twice weekly for 24 weeks 
(Teramoto et al., 1993). The only non-neurotoxic endpoint reported was the 10% depression of 
growth noted in rats given 8 mg/kg doses; lower doses had no effect. 

7.3.3.6 In vitro studies 
In a study of the cytotoxicity of 43 metal salts by Yamamoto et al. (1998), murine osteoblast 
(MC3T3-E1) and fibroblast (L929) cells were incubated with various metal salts, including 
manganese (as MnCl2 4H20) at 0.549 to 54.9 mg/ℓ (calculated from stated manganese chloride levels 
of 10–5–10-3 mol/ℓ), for 8 days. Cells were then fixed and stained with Giemsa before numbers of 
colonies formed were countered. The concentrations of manganese chloride causing a 50% reduction 
in colony formation, compared with unexposed controls, were 2.09 and 2.52 mg Mn/ℓ (3.81 × 10-5 or  
4.59 × 10-5 mol MnCl2/ℓ) for MC3T3-E1 and L929 cells, respectively. In view of this and similar 
findings for other metal salts, the authors suggested that cytotoxicity was not significantly affected by 
cell type, suggesting that a common underlying toxic mechanism was involved. Although the paper 
investigated the possible influence of valency on the toxicity of some metal salts, this was not 
investigated for manganese. 
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The toxicity to osteoblast cells of a number of metal ions has also been investigated using human  
MG-63 cells by exposing the cells to various metal chlorides for 48 hours before assessing viability, 
proliferative ability and morphology (Hallab et al., 2002). Concentrations of manganese (as MnCl2) 
tested ranged from 55 µg/ℓ to 549 mg/ℓ (presented as 0.001 to 10 mmol/ℓ MnCl2). The authors 
reported that the toxicity of manganese, as assessed in terms of cell viability and proliferation, was 
high compared with many of the other metal ions studied. A 50% reduction in cell viability was 
reported at manganese concentrations between 2.75 mg/ℓ and 16.48 mg/ℓ (cited as 0.05 and  
0.3 mmol/ℓ). Measurement of cytokines demonstrated that interleukin-6 (Il-6) release was 
significantly elevated at manganese levels above 2.75 mg/ℓ (0.05 mmol/ℓ). The methods suggested 
that the total RNA content of the cell cultures was measured and that Northern blott hydridisation was 
employed to determine levels of procollagen α(I) mRNA; however, no results for manganese were 
presented. Confirmation of the authors’ conclusions was difficult owing to the way the data were 
presented.  

The effect of manganese chloride on a range of cellular endpoints has also been investigated for the 
HeLa aneuploid human cell line, FH human embryonic diploid fibroblasts, V79 hamster diploid cells 
and L-A cells (a subline of L 929 mouse fibroblast cells; Fischer & Skreb, 1980). In a complex study 
design, in which various exposure periods were used and each endpoint was not addressed for each 
cell line, a number of aspects were investigated. Viability was assessed using a trypan blue exclusion 
assay; membrane damage was assessed by measurement of lactate dehydrogenase release; lactic acid 
levels in the medium were determined as a measure of carbohydrate metabolism; mitotic rates and 
colony forming activity were measured; and DNA-synthesis was measured in terms of 3H-thymidine 
incorporation. Cell proliferation showed a dose-related reduction, with 7-day EC50 values of less than 
10-5 and 1–3 × 10-5 mol/ℓ for V79 and L-A cells, respectively. Viability was also reduced by 
manganese chloride; EC50 values for 2 days exposure were 5.49, 8.24 or 18.13 mg Mn/ℓ (calculated 
from stated MnCl2 levels of 1–1.5 × 10-4, 1.5 × 10-4 and 3.3 × 10-4 mol/ℓ), in FH, HeLa and L-A cells, 
respectively. This effect was associated with an increase in lactate dehdrogenase release, while 
increased lactate in the medium was also noted. Mitotic rates were decreased in HeLa cells at 
3.30 mg Mn/ℓ (6 × 10-5 mol/ℓ) and in FH cells at 2.20 mg Mn/ℓ (4 × 10-5 mol/ℓ) or above, while DNA 
synthesis was stimulated at 5.49 mg Mn/ℓ (10-7 mol/ℓ) but depressed at 0.55 mg Mn/ℓ (10-5 mol/ℓ) or 
above. Finally, effects on colony stimulating ability were noted from 0.55 mg Mn/ℓ (10-5 mol/ℓ). 
Thus, some variation in cell susceptibility was apparent. However, recovery of DNA synthesis 
occurred after withdrawal of treatment, and the authors suggested that the mechanisms of effect might 
be the consequence of diverse cellular processes but not a direct interaction at the level of DNA. 

7.3.3.7 Synopsis of the experimental effects of repeated exposures to 
manganese 
Studies are summarised in Table 7.14. On the available evidence, repeated exposure to 
manganese via the respiratory tract appears to elicit few changes in the endpoints investigated, 
except at high levels.  

In rats, short-term (14 day) inhalation exposure to manganese sulphate at levels of up to 
0.92 mg/m3 or intratracheal administration with manganese chloride or oxide at 
1.22 mg Mn/kg/week for 4 weeks has been shown to elicit no overt toxic effects (Roels et al., 
1997). However, at significantly higher levels (68 mg/m3 or above), for 6 hours/day for 10 days, 
manganese dioxide caused pneumonitis (Shiotsuka, 1984). Although it is not possible to ascribe 
the effect with confidence specifically to manganese, exposure to welding fumes has also been 
associated with pulmonary changes in rats and sheep. Longer-term studies on manganese 
compounds have also demonstrated pulmonary effects. A 10-month study in Rhesus monkeys 
identified pulmonary changes after 1 month of exposure to manganese dioxide at 3 mg/m3 for 
2 hours/day, and after 3 months at 0.7 mg/m3 (Nishiyama et al., 1977). In contrast, a 9-month 
exposure to 11.6–1152 µg/m3 for 22 hours/day had no effect on squirrel monkeys, and rats 
exposed to the same treatment regimen showed only minor reversible changes in haematological 
profile at 112.5 µg/m3 or above (Ulrich et al., 1979c). 
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Exposure to manganese compounds via the oral route has revealed a wider range of potential 
target organs and provided information on interspecies differences in susceptibility. 

In pigs, administration of a diet containing 2.19 mg Mn/kg (calculated from a stated value of 
0.04 mmol MnSO4/kg diet; equivalent to approximately 6 ppm) resulted in severe toxic effects, 
including mortality, which were associated with disturbances of cardiac magnesium homeostasis 
(Miller et al., 2000). In contrast, sheep fed diets containing manganese carbonate or oxide 
showed reasonable tolerance to levels of up to 8000 or 4000 ppm, respectively (Black et al., 
1985).  

In NTP rodent studies, dietary administration of manganese sulphate to rats at 3130 ppm for 
13 weeks was without effect. However, at levels of 25 000 ppm or above, both rats and mice 
showed marked reductions in body weight gain and altered haematological profiles suggestive 
of microcytic anaemia (NTP, 1993). Reductions in red cell parameters were also seen in a 
number of long-term dietary studies in rodents, using manganese chloride or oxide, and in a 
study on neonatal rats, in which manganese oxide was given by oral gavage at 71 mg/kg/day or 
above. Impairment of rodent weight gain has also been reported in a number of short- to 
medium-term studies on these compounds, using non-dietary oral routes, at levels of 
approximately 70 mg/kg/day. However, in these studies, doses below approximately 
25 mg/kg/day did not, generally, result in body weight impairment.  

In a long-term exposure study by NTP (1993), only slight effects on growth performance were 
seen in male rats given manganese sulphate at 15 000 ppm (615 mg/kg/day) and in female mice 
given 1500 ppm (200 mg/kg/day), for 2 years. Male rats given 5000 ppm (200 mg/kg/day) were 
not affected. In another study, long-term administration of manganese chloride to rats via 
drinking water at 1 mg/mℓ was associated with no general toxicity (Nachtman et al., 1986).  

When potential target organs are considered, the NTP 13-week dietary rodent studies on 
manganese sulphate showed treatment-related reductions in liver weight. A range of hepatic 
changes were also reported in studies in which rats were given oral manganese chloride or oxide 
at levels of 10 mg/kg/day or above, and limited evidence suggested that iron-deficiency might 
increase susceptibility. 

The long-term NTP dietary study on manganese sulphate identified renal disease, leading to 
earlier mortality, at 15 000 ppm in male mice. Some evidence for renal effects has also been 
reported in a short-term study in which neonatal rats were given manganese chloride at 
71 mg Mn/kg/day or above, via oral gavage (Rehnberg et al., 1980). Limited evidence again 
suggested that iron deficiency might increase susceptibility. 

The long-term NTP study on manganese sulphate also identified non-neoplastic thyroid changes 
in mice treated at 1500 ppm for 2 years. Thyroid effects were also reported in a study in which 
mice were given manganese chloride, via the drinking water, at 200 ppm for 7 weeks (Kawada 
et al., 1985), although it was not possible to determine the achieved intakes of manganese in this 
study. 

Other studies have suggested a range of gastrointestinal changes following oral dosing of 
manganese compounds. In the 13-week NTP dietary studies on manganese sulphate, male mice, 
but not female mice or either sex of rat, showed changes in the forestomach suggestive of local 
irritancy. Changes in the gastrointestinal tract were also reported in a study in which rats were 
given manganese (as the chloride) at 0.5% in the drinking water for 6 weeks (Hietanen et al., 
1981), and in a study on guinea pigs given manganese at 10 mg/kg/day for 30 days (Chandra & 
Imam, 1973), although in the latter case the quality of the study was considered poor. 

A number of rodent studies using parenteral routes have suggested reasonable tolerance to 
doses of less than 15 mg MnCl2/kg bw/day at least for short durations, but have identified a 
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range of testicular effects in rats at a dosage of 6 mg Mn/kg/day for 25 to 30 days. Minor hepatic 
and haemopoietic effects were also noted in rodents. Studies in which manganese was given by 
parenteral injection to dogs, monkeys or rabbits have identified the liver and haemopoietic 
system as potential targets and have also identified changes in the cardiovascular system, 
kidneys and gastrointestinal tract.  

Intravenous administration of manganese chloride has been shown to be poorly tolerated in 
dogs at a dose of 16 mg/kg/day, and in monkeys at a dose estimated to be at least 55 mg/kg/week 
(Khan et al., 1997). In rabbits, effects have been noted at doses of 1 mg Mn/kg/day or above.  

Studies on different age ranges of rats have provided conflicting evidence on age-related 
variations in susceptibility to manganese, and no firm conclusion can be reached.  

7.3.4 Immunotoxicity  
A number of studies have investigated the effects of manganese on immune system functionality. 
These include infectivity studies following inhalation exposure, studies on changes in bronchoalveolar 
fluid composition following intratracheal administration, a dermal sensitisation study, and 
investigations of the subacute and chronic consequences of single or repeated parenteral 
administrations. A number of in vitro studies have also demonstrated the potential of some manganese 
compounds to modify the functionality of various immune cells directly.  

7.3.4.1 Inhalation exposure  
Short-term exposure 

Male rabbits were exposed for 4 to 6 weeks to manganese chloride, by inhalation, at 1.1 mg/m3 or 
3.9 mg/m3 (see Section 7.3.3.1). Alveolar macrophages were obtained from exposed animals by 
lavage at necropsy and assessed for bacteriocidal activity by co-incubation for 90 minutes with 
Staphylococcus aureus (Camner et al., 1985). No difference in activity was noted compared with the 
controls. 

The influence of manganese dioxide on resistance to bacterial and viral agents was assessed in a 
mouse infectivity model. CD-1 mice, approximately 6 weeks of age, were exposed in whole body 
chambers to untreated air or air containing manganese dioxide particles of 0.70 µm average diameter 
at an average concentration of 109 mg/m3, for 1 to 5 hours each day for up to 5 days (Maigetter et al., 
1976). Histopathologically, pulmonary inflammatory infiltration with slight alveolar oedema and 
congestion was noted in mice killed within 10 minutes of completing a single 3-hour exposure to 
manganese dioxide aerosol. Other mice dosed under these conditions had pulmonary manganese 
levels of 95.6 µg/g dry weight, compared with a control value of 2.1 µg/g. The severity of pulmonary 
response increased with increasing exposure with the most severe effect in mice exposed daily for 
4 days. To study bacterial infectivity, mice were held in untreated air for up to 5 hours before 
challenge with Klebiella pneumoniae type A, following completion of the appropriate exposure to 
manganese dioxide. A significant reduction in survival time was noted for the manganese-treated 
mice; a significant linear relationship was established between mortality rate and frequency of 
exposure to the manganese dioxide. For the investigations of viral infectivity, mice were challenged 
with influenza (mouse-adapted influenza A/PR/8/34) virus either 24 or 48 hours before the first 
exposure to the manganese dioxide, and mortality and the extent of pulmonary lesions were recorded. 
Manganese exposure was associated with increased mortality rates, reduced survival times and an 
increased incidence of pulmonary lesions. Surprisingly, the effect was most marked in mice exposed 
to influenza 48 hours before a single exposure to manganese dioxide.  
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Table 7.14 Summary of in vivo studies of the effects of repeated exposure to manganese 
Route Species/strain Dose/Duration Main effects Reference 

Inhalation Rabbit Incr in size of alveolar macrophages Camner et al. 
(1985) 

  

Manganese chloride at up to 3.9 mg/m3 
for 6 hrs/day, 5 days/week, for up to 
6 weeks    

 Rhesus 
monkey 

Manganese particles at 100 µg/m3  

for 23 hrs/day, for 8 weeks 
No effect  Griffin and 

Coulston (1978) 
 Rat Manganese particles at 100 µg/m3for 

23 hrs/day, for 8 weeks 
No effect  Griffin and 

Coulston (1978) 
 Rat/ Sprague- Manganese dioxide at up to 219 mg/m3 Dose-related Incr in lung weight Shiotsuka (1984) 
 Dawley for 6 hrs/day, for 10 weeks   
 Rat No effect following inhalation exposure Dorman et al. 

(2001c) 
  

Manganese sulphate at up to 0.92 mg/m3, 
for 14 days (following feeding with diets  
containing various levels of manganese)   

 Rat/ Sprague- Manganese phosphate at 1150 µg/m3 for No effect  Salehi et al. (2001) 
 Dawley 8 hrs/day, 5 days/week, for 5 weeks   
 Rat/ Sprague- Welding fumes (containing up to  Pulmonary perivasculitis/early fibrosis from day 15, with granuloma  Yu et al. (2001) 
 Dawley 3.3 mg Mn/m3) for 2 hrs/day, for 90 days formation and extensive fibrosis by day 90 at high dose  
 Mouse Manganese dioxide at 20.59 mg/m3 for 

5 hrs/day, for 30 days 
Pulmonary emphysema Sylvestre and Pan 

(1984) 
 Rat/ Sprague- 

Dawley 
Manganese oxide at up to 1152 µg/m3 for 
up to 22 hrs/day, for up to 9 months 

Altered haematological profile at 112.5 µg/m3 or above, but reversible.  
Decr serum phosphorus and Incr liver weight at 1152 µg/m3 

Ulrich et al. 
(1979a,b,c) 

 Squirrel  
monkey 

Manganese oxide at up to 1152 µg/m3 for 
up to 22 hrs/day, for up to 9 months 

No effect  Ulrich et al. 
(1979a,b,c) 

 Rhesus  
monkey 

Manganese dioxide at up to 3 mg/m3 for 
22 hrs/day, 7 days/week, for 10 months 

Mild neurological signs, pulmonary lesions and altered biochemistry in  
various tissues 

Nishiyama et al. 
(1977) 

 Rhesus  Manganese dioxide at 30 mg Mn/m3 for No effect  
 monkey 5 days/week, for 2 years  

Bird et al. (1984) 

Intratracheal Rat/ Sprague- Manganese chloride or dioxide at  Minor evidence of pulmonary inflammatory response with manganese  Roels et al. (1997) 
 Dawley 1.22 mg Mn/kg/week, for 4 weeks dioxide  
 Sheep Welding fumes (4% Mn) for  

3 hrs/day, 5 days/week, for 25 days 
Death of 2 sheep showing fibrosing pneumonitis and emphysema  Näslund et al. 

(1990) 
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Route Species/strain Dose/Duration Main effects Reference 

Diet Pig/  Manganese sulphate at up to  Deaths at 2.20 mg Mn/kg or above, possibly related to cardiac effects 
 Barrow-cross 52.19 mg Mn/kg diet  

Miller et al. (2000) 

 Sheep/  Manganese oxide at up to 4000 ppm or  Decr food intake and body weight gain 
 Florida-cross manganese carbonate at up to 8000 ppm,   
  for 84 days  

Black et al. (1985) 

 Rat/ F344/N Manganese sulphate at up to  Diarrhoea, Decr body weight gain, Incr blood white cell count 
  370 mg/kg/day (50 000 ppm) for 14 days  

NTP (1993) 

 Mouse/  Manganese sulphate at up to  No effect  
 B6C3F1 50 000 ppm for 14 days  

NTP (1993) 

 Mouse/ ICR Manganese chloride at up to 
700 mg Mn/kg bw/day for 21 days 

Decr food consumption at highest dose Sato et al. (1996) 

 Rat/ Sprague- 
Dawley 

Manganese chloride at 5% for 25 days Epiphyseal growth plate and upper tibial abnormalities Svensson et al. 
(1985) 

 Rat Manganese chloride at 2% for 25 days Tibial epiphyseal growth plate abnormalities, with recovery following  
return to normal diet 

Svensson et al. 
(1987) 

 Rat/ F344/N Manganese sulphate at up to 50 000 ppm  Decr body weight gain in females at 6250 ppm or above. Decr in liver  
  (equivalent to up to 2000 mg/kg  weight in treated males and females given 25 000 ppm. Decr lung weight 
  bw/day) for 13 weeks in treated females. 

NTP (1993) 

 Mouse/  Manganese sulphate at up to 50 000 ppm  Decr body weight gain in treated males and females given highest dose.  
 B6C3F1 (equivalent to up to 7400 mg/kg Decr liver weight and hyperplasia/hyperkeratosis in males and  
  bw/day) for 13 weeks microcytic anaemia in both sexes given highest dose 

NTP (1993) 

 Japanese quail 
  

Manganese sulphate at 56 ppm  
manganese (equivalent to 6–10 mg/kg  
bw/day) 

Red locomotor activity and serum testosterone and, in males, Decr  
aggression 

Laskey and Edens 
(1985) 

 Rat/ F344/N Manganese sulphate at up to 15 000 ppm  Red body weight gain and survival (associated with nephropathy/renal  
  (equivalent to up to 715 mg/kg  failure and secondary blood vessel/stomach mineralisation, parathyroid  
  bw/day) for 2 years hyperplasia and fibrous oesteodystrophy) in males given high dose.  
   Reduced hepatic iron level at 5000 ppm or above. Incr renal copper  
   levels 

NTP (1993) 

 Mouse/  
 B6C3F1 

Manganese sulphate at up to 15 000 ppm  
(equivalent to up to 2250 mg/kg 
bw/day) for 2 years 

Decr body weight gain in males given 1500 ppm or above. Lower 
hepatic iron levels and Incr thyroid non-neoplastic lesions in several 
groups 

NTP (1993) 

 Mouse/ ddY Manganese chloride, carbonate or  
dioxide at 2 g Mn/kg diet for 100 days 

Decr body weight gain with manganese chloride, and Red white cell  
count with manganese chloride or dioxide. 

Komura and 
Sakamoto (1991) 

 Mouse/ ddY Manganese chloride, carbonate or  
dioxide at 2 g Mn/kg diet for 12 months 

Decr body weight gain, extent varying between different forms of  
manganese 

Komura and 
Sakamoto (1992) 
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Route Species/strain Dose/Duration Main effects Reference 

 Mouse/ ddY Manganese chloride at 2 g Mn/kg diet for 
12 months 

No effect Komura and 
Sakamoto, (1994) 

 Rat/ Long  High mortality and altered blood profile of offspring with manganese  
 Evans oxide at 3550 ppm through gestation, when given low iron diet. 
  Exacerbation of effects on erythrocytes of low iron diet, noted with  
  manganese oxide when given throughout gestation. Slight alterations in  
  

Manganese oxide at up to 3550 ppm Mn  
throughout pregnancy and until offspring 
were 32 weeks old, or only when 
offspring were 10 days of age until 
40 days of age (subgroups fed normal or 
low iron diets)  

blood chemistry also noted 

Carter et al. (1980) 

Oral gavage Rat Manganese chloride at 10 mg/kg/day for  
15 days (subgroups fed normal or low  
iron diets) 

Hepatic and renal abnormalities with manganese chloride in association  
with low iron diet 

Chandra and 
Tandon (1973) 

 Rat Manganese chloride at up to  
714 µg/kg/day for 30 days 

No effect  Sentürk and Öner 
(1996) 

 Rat/ Sprague- Manganese chloride or dioxide at  No effect  
 Dawley 24.3 mg Mn/kg/week once per week, for   
  4 weeks  

Roels et al. (1997) 

 Rat Manganese chloride at 335 µg Mn/kg/day 
for up to 30 days 

Incr blood, liver and brain cholesterol levels Öner and Sentürk 
(1995) 

 Rat/ Wistar Manganese chloride at 75 mg Mn/kg/day, Decr body weight gain 
  5 days/week, for 4 weeks  

Missy et al. (2000) 

 Rat/ Long 
Evans 

Manganese chloride at up to 50 µg/g/day 
from postnatal day 1 to 21 

No effect  Kontur and Fechter 
(1988) 

 
 

Rat/ Long  
Evans 

  

Manganese oxide at up to  
214 mg Mn/kg/day from postnatal day 1  
to 20 

Treatment related effect on mortality, Decr liver iron content and  
haematological profile. Decr body weight gain and liver weight at 
71 mg/kg/day or above. Altered brain, testes and kidney weight, 
at highest dose 

Rehnberg et al. 
(1980) 

 Rat/ CD Manganese chloride at up to  
50 mg/kg/day from postnatal day 1 to 21 

Decr body weight gain and impaired survival at highest dose  Brenneman et al. 
(1999) 

 Rat/ CD Manganese dichloride at up to  
50 mg/kg/day from postnatal day 1 to 21  

Decr body weight gain at highest dose. Dorman et al. 
(2000) 

 Rat/ CD Manganese dichloride at up to  
50 mg/kg/day given to adults 

No effect Dorman et al. 
(2000) 

 Rat/ CD  Manganese dichloride at up to  
20 µg/kg/day from birth for 24 days 

No effect Deskin et al. (1981) 
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Route Species/strain Dose/Duration Main effects Reference 

 Rat/ CD Manganese chloride at up to  Decr body weight gain in treated adults but not in weanlings 
  20 mg/kg/day to weanling or to adult rats   
  for 30 days  

Lipe et al. (1999) 

 Guinea-pig Manganese chloride at 10 mg/kg/day for  
30 days 

Necrosis and associated pathology, and Decr enzymic activities noted for 
gastric and intestinal tissues 

Chandra and Imam 
(1973) 

 Mouse/ ddY Radiolabelled manganese 
4 weeks 

Colloid-rich thyroid goiter in females and castrated males but not in 
intact  
males or castrated males given testosterone 

Kawada et al. 
(1985) 

 Rat Manganese compound at  
6 mg Mn/kg/day for 30 days 

Red serum ceruloplasmin Murthy et al. 
(1981b) 

 Rat Manganese chloride at 50 µg/kg/day  
for 180 days 

No deaths Dikshith and 
Chandra (1978) 

Drinking  
water 

Rat/ ITRC Manganese chloride at 9.7 mg Mn/rat/day 
for 30 days 

No effect  Murthy et al. 
(1981a) 

 Rat Manganese chloride at 1 mg/ml for  
30 days  

No effect  Shukla and 
Chandra (1981a) 

 Rat/ Druckery Manganese chloride at up to 30 ppm for  
30 days  

Decr in erythrocytic superoxide dismutase activity (specific cofactors  
considered not specified) 

Gupta and Shukla 
(1997) 

 Rat/ Wistar 
  
  
  

Manganese chloride at up to 
1 mg Mn/mℓ (equivalent to doses of up 
to 3155 mg Mn/kg/day (sham-operated) 
or 2221 mg Mn/kg/day (bile duct 
ligatted)) for 4 weeks 

Change in water intake but no significant effect on body weight gain or  
serum or hepatic biochemistry 

Montes et al. 
(2001) 

 Mouse/  
Charles Foster 

Manganese chloride at 840 mg Mn/ℓ for  
up to 60 days 

Incr in motility of gastrointestinal tract noted at ex vivo examination Venkatakrishna-
Bhatt and Panchal 
(2001) 

 Mouse/ ddY Manganese chloride at 200 ppm for  
7 weeks 

Colloid-rich thyroid goiter in females, but not males, with associated  
Decr in serum thyroxine 

Kawada et al. 
(1985) 

 Mouse/ ddY Manganese chloride at 200 mg/ℓ for  
7 weeks 

Incr in thyroid weight in non-pregnant females but not in males Nishida et al. 
(1988) 

 Rat/ Wistar Manganese chloride at 0.5% Mn  
(resulting in a 3–8 fold Incr in blood 
Mn), 6 weeks 

Incr enzyme activities in several tissues after 1 week particularly in liver  
but also in intestine and kidneys, with subsequent return to near normal 

Hietanen et al. 
(1981) 

 Rat Manganese chloride at 0.54 mg/mℓ  
(equivalent to 4.5 mg Mn/day) for  
90 days  

Hyperactivity noted in some rats Subhash and 
Padmashree (1991) 
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Route Species/strain Dose/Duration Main effects Reference 

 Rat Manganese chloride at 100 ppm for  
91 days 

Minor Incr in food intake and body weight gain Freundt and 
Ibrahim (1990) 

 Rat Manganese chloride at up to  Decr water intake  
  675 mg/kg/day, for up to 90 days  

Ali et al. (1983) 

 Rat/ Sprague- 
Dawley 

Manganese chloride at 1 mg/ml for  
65 weeks 

Neurobehavioural changes only Nachtman et al. 
(1986) 
Suzuki et al. (1975) Injection  

(various) 
Monkey/  
Rhesus 

Manganese dioxide at up to 1 g/week for  
9 weeks 

Severe neurological/behavioural change. Loss of general condition and  
occurrence of regionalised oedema. Altered blood biochemistry and  
haematological profiles. No strict dose-relationship noted 

 

IM Rabbit Manganese chloride at up to 5 mg/kg/day 
for up to 2 months 

Generally well tolerated. Effects limited to pathological changes 
(including granuloma) at injection sites 

Pashinskii et al. 
(1975) 

IP Rabbit Manganese chloride at 1 mg Mn/kg, 
6 days/week, for 180 days 

Altered serum biochemistry and haematological profile Khandelwal et al. 
(1981) 

 Rabbit 1 ml of 0.2% manganese sulphate on  
alternate days for up to 8 weeks 

Electroretinography showed Decr a wave, Incr b wave and decrease total  
ERG. Photoreceptor degeneration also noted 

Khosla et al. (1983) 

 Rat/ Sprague- Manganese chloride or dioxide at  No effect  Roels et al. (1997) 
 Dawley 1.22 mg Mn/kg/week, for 4 weeks   
 Rat/ Wistar Manganese chloride at 6 mg Mn/kg,  Lower body weight gain 
  5 days/week, for 4 weeks  

Missy et al. (2000) 

 Rat/ Hooded Manganese chloride at 4 mg Mn/kg/day  
for 30 days 

Red serum tyrosine and tryptophan Chandra et al. 
(1979) 

 Rat 
  

Manganese chloride at 15 mg Mn/kg/day  
for 30 days 

Marked Decr in blood tyrosine, tryptophan and total/free amino acid  
levels, Red hepatic tryptophan and tyrosine levels and Incr hepatic 
tyrosine aminotrasferase and tryptophan oxidase activities in juveniles 

Shukla et al. (1980) 

 Rat 
  

Manganese chloride at 15 mg Mn/kg/day  
for 30 days 

Decr blood tyrosine, tryptophan and total/free amino acid levels, Red  
hepatic tryptophan level; Incr hepatic tryptophan oxidase activity and  
slight Incr in tyrosine aminotrasferase activity in adults 

Shukla et al. (1980) 

 Rat Manganese sulphate at 6 mg/kg/day for  
30 days 

Hepatic vascular congestion and bile duct proliferation Chandra and 
Saxena (1975) 

 Rat 
  

Manganese chloride at 4 mg Mn/kg/day  
for 30 days 

Red glutathione level and glutathione reductase and glucose-6-phosphate 
dehydrogenase activities in liver, testes, brain and kidneys; magnitude of  
effect influenced by protein content of diet 

Srivastava et al. 
(1989) 

 Rat Manganese chloride at 4 mg Mn/kg/day  
for up to 90 days 

Altered hepatic glycolytic cycle and mitochondrial function Shukla and 
Chandra (1982) 

 Rat/ Druckery Manganese chloride at up to  
15 mg Mn/kg/day for up to 45 days 

Altered platelet functions and dopamine receptor expression Husain et al. (2001) 
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Route Species/strain Dose/Duration Main effects Reference 

 Rat Manganese sulphate at 6 mg Mn/kg/day  Altered testicular biochemistry and seminiferous tubule degenerative  
  for 25 days changes noted. Decr in brain SDH, LDH and acid/alkaline phospahate  
   activities. Decr hepatic SDH and LDH but Incr hepatic RNA-ase.  
   Hepatic congestion, necrosis and associated changes also apparent 

Singh et al. (1974) 

 Rat/ Hooded Manganese sulphate at 6 mg Mn/kg/day  
for 30 days 

Marked seminiferous tubule degeneration; effect prevented by  
co-treatment with zinc sulphate 

Chandra et al. 
(1975) 

 Rat Manganese chloride at 8 mg/kg/day for  Incr testicular amino acid levels by day 60 
  up to 60 days   

Kar et al. (1972) 

 Rat/ F-344 Manganese chloride at 15 mg/kg/day for  Marked Red in body weight gain and Red blood testosterone and  
  6 weeks corticosterone levels 

Hong et al. (1984) 

 Rat/ Sprague- 
Dawley 

Manganese at 3.0 mg/kg/day for 30 days Abnormal pancreatic pathology Scheuhammer 
(1983) 

 Rat/ Jcl-Wistar Manganese chloride at up to 8 mg/kg,  
twice weekly, for 24 weeks  

Red of 10% in body weight gain at high dose Teramoto et al. 
(1993) 

 Mouse/ CD-1 Manganese chloride at up to  
10 mg/kg/day for 4 weeks  

Slight inappetance and Decr water intake, and Incr spleen and liver 
weights at high dose. Red PCV at 3 mg/kg/day or above 

Srisuchart et al. 
(1987) 

IV Dog/ Beagle Manganese chloride at 16 mg/kg/day for  
  up to 4 days  
   
   
   

Khan et al. (1997) 

    
   

Neurobehavioural changes, signs of diarrhoea, inappetance, altered blood 
biochemistry and haematological profiles, Decr systolic pressure, altered 
blood pressure and heart rate, with associated altered ECG profile, noted 
from Day 1. Deaths from Day 3. Pathology included: hepatic necrosis 
and lose of architecture; congestion/haemorrhage in gastrointestinal tract 
and lungs; haemorrhage of cervical spinal cord; and depletion of gut-
associated lymphoid tissue  

 Rabbit 
  

Manganese chloride at 3.5 mg/kg/day for  
up to 60 days  

Decr in succinic dehydrogenase activity in proximal tubule from Day 4,  
and in other enzymes thereafter. Progressive renal glomerular and 
interstitial lesions from day 16, leading to fibrotic changes and tubular 
degeneration 

Imam and Chandra 
(1974) 

 Rabbit Manganese chloride at 3.5 mg Mn/kg/day 
for 32 days  

Neurobehavioural changes and Red glutathione in red cells Jonderko and 
Wegiel (1966) 

Decr, decrease; ECG, electrocardiography; ERG, electroretinography; hrs, hours; IM, intramuscular; Incr, increase; IP, intraperitoneal; IV, intravenous; LDH, lactate dehydrogenase; no., number  
PCV, packed cell volume; Red, reduced; SC, subcutaneous; SDH, sorbital dehydrogenase 
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In another infectivity study, 4- to 6-week old female CD-1 mice were exposed to untreated air or air 
containing manganese oxide (Mn3O4) at levels of up to approximately 3.0 mg Mn/m3 for 2 hours (as 
described previously, see Section 7.3.2.1; Adkins et al., 1980a), before being exposed to a viable 24-
hour culture of Streptococcus pyogenes for 20 minutes. Mice were killed at intervals over 15 days to 
determine pulmonary clearance rate and overall mortality levels. Dosimetry and statistical analyses 
were not well reported. Delays in pulmonary clearance and enhanced growth rates of S. pyogenes were 
noted in treated mice. A statistically significant positive linear relationship between manganese 
exposure and percentage mortality was reported (p <0.001; R2, 79.9%), and exposure to 
0.65 mg Mn/m3 (apparently equivalent to 12.5 µg Mn/g dry lung) was associated with at least 10% 
higher mortality compared with controls (at 95% confidence). In comparison, exposure to inert 
particles of carbon black at 5.0 mg/m3 or iron oxide at 2.5 mg/m3 resulted in only 8 and 2% increase in 
mortality, respectively. The authors suggested this was evidence that the manganese oxide particles 
elicited a chemically-mediated toxicity rather than just physical irritation. In a poorly reported phase, 
the time course of laboratory-induced septicaemia was studied in mice surviving the initial observation 
period. An earlier time of onset of septicaemia was noted in manganese exposed mice than controls 
(peak level at day 4 versus day 5, respectively). Other groups of mice underwent immunisation using 
formaline-treated S. pyogenes before exposure to manganese oxide at 1.85 mg Mn/m3 or control 
atmospheres, followed by exposure to viable S. pyogenes atmospheres. The level of immunity was 
assessed by collection of sera at intervals for measurement of a range of immunoglobulins, using a 
quantitative radioimmunodiffusion technique. While immunisation provided a high level of protection 
in controls, there was significant impairment in the mice exposed to manganese oxide although no 
clear effect on the levels of specific immunoglobulins was demonstrated (Adkins et al., 1980c). 

The effect on the pulmonary immune function of guinea pigs following manganese dioxide exposure 
was reported in detail by Bergstrom (1977). As part of a complex study design that was not clearly 
reported, a group of guinea pigs of established health status was exposed to an atmosphere containing 
manganese dioxide particles (99.5% purity; 87% of the particles less than 3 µm) at 22 mg/m3, for 
24 hours, under whole body conditions. Other groups were exposed to atmospheres containing an 
aerosol of the bacterium Enterobacter cloacae for 40 minutes at various times before, immediately 
before or immediately following exposure, or on various days after exposure to manganese dioxide. A 
further group was exposed to E. cloacae but not manganese dioxide. In addition to histopathological 
examination of the lungs, the rate of pulmonary clearance of manganese dioxide was determined by 
measurement of metal oxide content at intervals following exposure. Bronchiolar lavage was 
undertaken and the numbers of macrophages and leukocytes in the lavage fluid were determined. 
Among guinea pigs exposed to manganese dioxide alone, 438 µg MnO2/g dry lung (SD 221) was 
present by the end of the exposure. Approximately 50% was cleared within one day and only 3% 
remained by day 7. While the initial level of manganese dioxide in the lungs was similar in guinea 
pigs also exposed to E. cloacae, it appears that clearance was impaired in some groups co-exposed to 
the bacteria. The poor reporting of this aspect of the study meant it was not possible to define with 
certainty which of the co-treatment combinations were affected. Numbers of macrophages in the 
lavage fluid were significantly reduced immediately after exposure but were significantly elevated by 
the third day following exposure to manganese dioxide. Exposure to bacteria alone led to increased 
levels throughout the 3-day period. Co-exposure resulted in an enhanced response over the first 2 
days; the effects were particularly marked in guinea pigs co-exposed to the bacteria immediately 
before or after manganese dioxide treatment, in comparison with animals exposed to bacteria one day 
prior to manganese exposure. Examination of macrophages demonstrated their role in the removal of 
the manganese dioxide particles, with 50% of macrophages containing phagocytosed particles 
immediately following exposure to the manganese dioxide atmosphere. However, a decrease in the 
phagocytic capacity was evident in animals co-exposed to the bacteria, particularly in those exposed to 
the bacteria one day before manganese exposure. Leukocyte numbers were elevated 1 and 3 days after 
exposure to manganese dioxide alone and for the 3-day period after bacterial exposure alone. In 
animals exposed to both agents, the pattern appeared to follow that for the group exposed to bacteria. 
Histopathologically, no clear pattern was detected between groups in relation to the inflammatory 
response because of marked inter-individual variations. In a further experiment, clearance of viable 
bacteria was assessed over a 24-hour period following a 10-minute exposure to the bacteria; animals 
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were killed at intervals and homogenates of the lungs and trachea were prepared and cultured under 
aseptic conditions. Although an increased clearance of viable bacteria was noted in the first hour after 
manganese dioxide exposure, clearance rates were lower after 3, 5 and 24 hours. 

The effects on lung clearance of exposing young male guinea pigs to atmospheres containing 
manganese dioxide particles at 5.9 mg/m3 or sulphur dioxide at 5 ppm, alone or in combination, was 
reported by Rylander et al. (1971). Analysis of the size of manganese dioxide particles generated 
demonstrated that approximately 90% were smaller than 0.5 µm. Animals were exposed in whole-
body chambers to the test atmospheres for 6 hours/day, 5 days/week, for 4 weeks. At the end of the 
treatment phase, guinea-pigs were exposed for 10 minutes to aerosols containing a mixture of 
radiolabelled, killed and viable Eschericia coli, and were then killed immediately or after a 3-hour 
interval. Numbers of viable and dead bacteria were assessed using culture and radiographic 
techniques. Treatment with either manganese dioxide or sulphur dioxide atmospheres alone did not 
effect pulmonary clearance of E. coli. However, co-exposure to the two pollutants resulted in a 
significant impairment of clearance.  

In a further study, Rylander and Bergstrom (1973) exposed conventional and specific pathogen free 
(SPF) guinea-pigs to atmospheres containing manganese dioxide particles at 20 mg/m3 for 
conventional and 12 mg/m3 for SPF animals, or sulphur dioxide at 20 ppm, alone or in combination, 
for 4 weeks. However, the duration of exposure to test atmospheres each day was not clearly stated. 
Following completion of the treatment period, animals were killed and pulmonary lavage performed to 
determine numbers of cells in the lavage fluid. The numbers of leucocytes in the lavage fluid was 
increased by manganese dioxide exposure in both conventional and SPF-reared animals, while a slight 
increase in macrophages was observed in the SPF guinea-pigs. Similar, or possibly more marked, 
changes were seen when animals were co-exposed to the two pollutants; sulphur dioxide alone had no 
effect. 

7.3.4.2 Intratracheal administration 
Short-term exposure 

Inflammatory responses have been detected following intratracheal administration of manganese 
sulphate or dioxide.  

In a recent and detailed investigation of the immunomodulatory potential of a number of metals, which 
was conducted to US National Institutes of Health animal welfare guidelines, Rice et al. (2001) gave 
male CD rats single intratracheal doses of manganese (as MnSO4 H20) at 5.49 or 54.94 µg/kg bw 
(calculated from stated doses of MnSO4 of 0.1 and 1.0 µmol/kg), followed after 4, 16 or 48 hours by 
broncheoalveolar lavage. The lavage fluid was analysed for lactate dehydrogenase activity and total 
and differential leukocyte counts, and the lavage cells were analysed for macrophage inflammatory 
protein-1α (MIP-1α) and MIP–2 mRNA levels. Several changes were noted at the highest dose, 
including increases in lactate dehydrogenase activity, protein content, total cell numbers, and percent 
viable cells. Further, high numbers of neutrophils and eosinophils were apparent from 16 hours after 
dosing. These changes probably reflected an inflammatory response in the lung. In contrast, no 
significant change in these parameters was noted at the low dose. The results of analyses on specific 
mRNA markers confirmed that effects were limited to the high dose, where a marked elevation of 
MIP-1α level occurred throughout the observation period; MIP–2 levels were increased only at 
48 hours after dosing.  

In a study on the effect of particle surface area on peritoneal macrophage cytotoxicity, manganese 
dioxide particles of 0.16, 17 or 62 m2/g specific surface area were given intratracheally to adult NMRI 
mice at gravimetric dosages of 0.037, 0.12, 0.75 or 2.5 mg/animal (Lison et al., 1997). After 5 days, 
the mice were subject to bronchiolar lavage, and lactate dehydrogenase and protein levels in the lavage 
fluid were determined. Total cell and polymorphonuclear leukocyte counting was also performed. For 
the 17 or 62 m2/g particles, a dose-related response to increasing gravimetric dose was observed for all 
parameters considered. Expression of dose in terms of total surface area showed the effects to have a 
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clear dose relationship, with a very similar degree of toxicity elicited by differently sized particles 
when administered at almost equal surface area doses. 

7.3.4.3 Dermal administration 
Short-term exposure 

In a local lymph node assay, 25 µℓ of a 20% ethanol solution containing 10% manganese chloride 
(estimated as equivalent to 2.5 mg MnCl2 or 1.09 mg Mn) was applied to the dorsum of each pinna of 
female BALB/c mice daily, for 3 days. In a divergence from the routine assay methodology, each ear 
was gently abraded with a 19 gavage needle before application of the test solution. On the fourth day 
of study, mice were killed and a suspension of lymphocytes was prepared from the auricular and 
axillary lymph nodes. The level of proliferative stimulation of the culture thus obtained was assessed 
by measurement of 3H-methyl thymidine incorporation by leucocytes, and the results were expressed 
in terms of a stimulation index (Ikarashi et al., 1992). A stimulation index of only 0.82 was found for 
exposed mice, suggesting that manganese chloride was not a sensitiser. 

7.3.4.4 Parenteral administration 
A number of studies have demonstrated changes in immune function following the single injection of 
various manganese compounds through various parenteral routes.  

Single exposure 

CBA/J and A/J male and C57/Bl/6J female mice were given a single intramuscular injection of 
manganese (as MnCl2 4H2O, 40, 80 or 120 mg/kg) one day before spleen cells were collected for the 
assessment of natural killer (NK) cell activity (Rogers et al., 1983). NK cells from CBA/3 mice 
displayed a dose-related increase in in vitro cytolytic release of 51chromium from NK-sensitive YAC-1 
target cells; effects were detectable for at least 3 days in the 80 mg/kg-dose group. Experiments also 
demonstrated that the usual suppression of NK activity seen following nickel treatment could be 
overcome by prior administration of manganese chloride. In vivo, clearance of radiolabelled YAC-1 
cells from the lungs and spleens of CBA/J mice was enhanced by the 80 mg/kg dose 24 hours before 
challenge. 

In a paper on a similar series of experiments, Smialowicz et al. (1984) reported that single injections 
of manganese chloride resulted in a significantly enhanced immune response when assessed using a 
radiolabelled-chromium release assay 24 hours after dosing of several mouse strains (C7Bl/6J, 
C57BL/6J-Bg, CBA/J, C3HeJ and A/J). NK cells were identified as the active cell type, and 
manganese was found to be active at doses of 10 to 160 µg/g bw for a number of tumour target cells 
(YAC-1, RBL-5, EL-4 and P815). The level of activity depended on route of administration, with the 
intravenous route the most effective. (Oral administration did not elicit a response and is, therefore, 
not described in detail herein.) In addition, administration of manganese chloride at 10 to 20 µg/g to 
C57Bl/6J mice 24 hours before intravenous administration with B16-F10 melanoma cells resulted in 
reduced numbers of pulmonary tumours after 2 to 3 weeks; the effect was significant at the highest 
dose. The authors noted that the finding suggested that the changes in NK cell activity, demonstrated 
using the chromium release assay, correlated with demonstrable in vivo effects. Intramuscular 
injection of C57/Bl/6J mice with manganese chloride at 40 µg/g resulted in a rise in serum interferon 
(INF) within 4 hours, with a peak at 16 hours. Injection with rabbit anti-mouse INF-α, β or γ prior to 
manganese chloride treatment reduced the anticipated increase in NK cell activity in the case of anti-
INF-α or β treatment. Together, these findings suggest that the effect of manganese might be mediated 
via INF-α or β.  

In a further series of experiments on the effect of manganese on macrophage functions, male CBA/J 
and female C57 BL/6J mice were given single intramuscular injections of saline or manganese 
chloride solution at 10, 20 or 40 µg/g bw (Smialowicz et al., 1985). The low dose of 10 µg/g 
significantly enhanced spleen cell antibody-dependent cell-mediated cytotoxicity against chicken red 
blood cells (CRBC) or P815 mastocytoma target cells. The authors suggested this possibly reflected an 
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effect on spleenic NK cells. In a bioassay for INF, which used the cytopathic effect of vesicular 
stomatitis virus on murine L929 cells, low but measurable and dose-related levels of INF were noted 
in serum taken from the mice 24 hours after dosing with manganese chloride at 20 µg/g or more. In 
addition, treatment of C57BL/6J mice at 80 µg/g was associated with an increase in the phagocytic 
activity of peritoneal macrophages collected from the treated mice, when incubated with 51Cr-labelled 
CRBC, in the presence or absence of opsonizing antibody. At 40 µg/g, peritoneal macrophages also 
showed enhanced cytolytic activity against P815 mastocytoma cells and cytostatic activity against 
with MBL-2 mouse lymphoma cells. The study did not establish a no-effect-level. 

Further indications that manganese might possess immunomodulatory activity come from a study 
focusing on the toxicity of nickel (Smialowicz et al., 1987). A single intramuscular injection of 
manganese chloride (as MnCl2 4H20) in male CBA/J mice resulted, 24 hours later, in a dose-related 
increase in NK cell activity at doses of 10 µg/g or above, while doses of 40 or 80 µg/g resulted in a 
dose-related decrease in thymic, but not spleenic, weight. While mice injected with nickel chloride 
alone showed a marked reduction in NK cell activity, co-administration at the same site with 
manganese chloride at 80 µg/g resulted in enhanced NK functions, although the extent of the effect 
was not as great as that seen with manganese treatment alone. Unexpectedly, when administered at 
separate sites, the timing of administration was found to be important, with manganese enhancing the 
activity level only if given at least 1 hour before injection with nickel. 

A very brief abstract by Himeno et al. (2002), which described the subcutaneous administration of 
manganese chloride to ICR mice, reported a transitory increase in serum IL-6 and the induction of 
hepatic, but not renal, metallothionen. 

A study by Judde et al. (1987) investigated the longer-term consequences of a single dose of 
manganese on immune function. WAG rats were given an intramuscular injection of 20 mg of 
metallic nickel in paraffin oil and monitored for local rhabdomyosarcoma development over a 1-year 
period. NK cell activity was determined for mononuclear cells taken from peripheral blood samples of 
the rats, with and without administration of fibroblastic INF at twice weekly intervals from the tenth 
week after nickel treatment. The mononuclear cells were incubated with the NK cell-sensitive mouse 
cell line YAC-1, and the level of lysis was determined. Co-injection of manganese dust at the same 
time as nickel resulted in fewer rats developing tumours (nickel alone, 7/10; co-administration of 
manganese, 2/10; untreated controls, 0/10) and almost completely abolished the depression of NK cell 
activity seen with nickel alone. 

Short-term exposure 

In a study of immune effects following repeated exposure, manganese chloride was given to male  
CD-1 mice by intraperitoneal injection at 1, 3 or 10 mg/kg bw/day for 4 weeks (Srisuchart et al., 
1987). Animals were killed 24 hours after the last dose, and cultures of spleen lymphocytes were 
assessed for proliferative response to the mitogens, phytohaemagglutinin, concanavail and 
lipopolysaccharide, and to alogenic cells (mitomycin C-treated YAC-1 cells), using radiolabelled 
thymidine incorporation. A marked, but not dose-related, response was noted with 
phytohaemagglutinin or concanavail while cells from mice in the high dose group showed an elevated 
response to YAC-1 cells. In a separate experiment, mice were given daily manganese chloride 
injections for 28 days and sensitised to sheep red blood cells 4 days before sacrifice. Using indirect 
enzyme-linked immunosorbent assay and modified plaque detection methods, levels of sheep red 
blood cell-antibody production and numbers of antibody producing cells were found to be 
significantly reduced in mice given 3 or 10 mg/kg; these effects were reversed following a 2-week 
withdrawal of treatment. 

In a detailed mechanistic study of the immunological control mechanisms of granulomatous change, 
Conti et al. (1993) used the subcutaneous injection of 0.2 ml of a saturated potassium permanganate 
solution (1:40 dilution; estimated to contain 4.88 mg KMnO4, i.e. 1.70 mg Mn) in Swiss Webster mice 
as the model for granuloma formation. Granuloma formation also formed the basis of a repeat dose 
study by Fridas et al. (1994), in which the same dose used by Conti et al. (1993) was given for a 5-day 
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period. The latter study demonstrated that intraperitoneal 4-deoxypyridine (a potent vitamin-B6 
antagonist) reduced the granuloma response and suppressed the increase in serum tumour necrosis 
factor-α (TNF-α) and Il-6 levels that were induced by potassium permanganate.  

7.3.4.5 Other routes of exposure 
Short-term exposure 

In a poorly reported study by Cossarini-Dunier (1988) on the effects of manganese on the immune 
system of Carp (Cyprinus carpio), fish were maintained in dechlorinated water under continuous flow 
conditions. Treated animals were exposed to manganese chloride at 50 mg/ℓ water for up to 66 days. 
There was a gradual, progressive increase in manganese levels in the spleen and kidneys, from 15.57 
and 12.5 µg/g wet weight, respectively, on day 0, to 63.24 and 56.18 µg/g wet weight, respectively, on 
day 42. After 7 days of exposure, all fish were injected intraperitoneally with Yersinia ruckeri vaccine. 
Blood samples were collected on days 7, 14, 21, 35 and 66, and were analysed for haematocrit and Y. 
ruckeri antibody titre. After 7, 21, 28 or 42 days, fish were killed and manganese levels in the kidney 
and spleen were determined. Samples of macrophages were also collected from the pronephros and 
spleens of treated and control fish and incubated with Y. ruckeri vaccine. The phagocytic activity of 
the macrophages was determined using a chemiluminescence assay. Despite considerable variation 
within groups and individuals on different sampling occasions, a significant treatment-related decrease 
in haematocrit was reported but there was no effect on antibody titre. However, when the macrophages 
of non-exposed fish were incubated with Y. ruckeri, a significantly enhanced phagocytic response was 
noted, with the level of activity reflecting the manganese levels in the spleens and kidneys at the time 
of sampling. 

7.3.4.6 In vitro studies 
Direct responses of the immune system to manganese exposure were observed when macrophages, 
obtained by pulmonary lavage of adult guinea pigs, were incubated with manganese dioxide particles 
at 2.5 mg/ml (Snella, 1985). Rapid phagocytosis occurred, with 75% of the cells containing particles 
within 15 minutes. Incubation of peritoneal polymorphonuclear neutrophils in a Boyden migration 
chamber also containing macrophages exposed to manganese dioxide at the same concentration 
resulted in a significant increase in neutrophil migration for up to 4 hours. 

Another study investigated the effect of particles of manganese dioxide with different surface areas on 
peritoneal macrophages harvested from NMRI mice (Lison et al., 1997). The macrophages were 
exposed to manganese dioxide particles (specific surface area, 0.5, 17 or 62 m2/g) at gravimetric doses 
of 50 to 500 µg/well, for 6 hours. Damage to cellular membranes was assessed by determining the 
levels of lactate dehydrogenase released into the incubation medium. An additional treatment group, in 
which cells were exposed to freshly prepared (3 weeks before testing) particles of 5.0 m2/g surface 
area, was also included. When expressed in terms of total surface area, a dose-related increase in 
lactate dehydrogenase release was noted for particles of 0.5, 17 or 62 m2/g surface area, whilst the 
‘freshly prepared’ 5 m2/g particles caused a different response, showing a markedly higher 
cytotoxicity. Indeed, when considered in terms of gravimetric dose, the activity of the 5 m2/g particles 
was close to that of the finest (62 m2/g) particles. 

In a brief abstract, Waters et al. (1974) reported on cytotoxic changes in rabbit alveolar macrophages 
and a human pulmonary fibroblast (strain WI-38) cell-line following 20 hours of manganese chloride 
exposure, using a trypan blue exclusion assay. A 50% reduction in viability occurred at  
274.7–384.6 mg Mn/ℓ (calculated from stated levels of 5–7 × 10-3 mol/ℓ of manganese chloride) with 
both cell types. Morphological changes and altered acid phosphatase and lysozyme activities were 
noted in the macrophages. Fibroblasts showed depressed precursor uptake for DNA, RNA and 
proteins. In a later paper, Waters et al. (1975) reported in detail on a series of experiments in rabbit 
macrophages. Macrophages were obtained by pulmonary lavage of New Zealand white rabbits; the 
cellular component of the fluid contained 95% alveolar macrophages. Following processing to obtain 
only viable cells, the cell culture was incubated with manganese chloride solutions at concentrations of 
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1–500 µg Mn/mℓ. Cell viability was determined in a trypan blue exclusion assay (in which a viability 
index was based on numbers of intact cells surviving in the test compared to the control cultures). 
Acid phosphatase activity was determined by the method of Lowry (1957). The concentration of 
manganese chloride (assumed to be MnCl2) resulting in a 50% loss in cell viability was equivalent to 
256.6 (95% CI, 202–329) mg Mn/ℓ (calculated from stated levels of 4.67 mmol/ℓ; CI, 3.68–5.98), 
while a 50% reduction in acid phosphatase activity was noted at a concentration of  
291.7 (199.4–478.5) mg Mn/ℓ (5.31 mmol/ℓ; CI, 3.63–8.71). Scanning electron microscopy was 
performed to study the surface morphology of macrophages following incubation with manganese 
chloride at a level equivalent to 125 or 250 mg Mn/ℓ (reported as 125 or 250 µg Mn/mℓ) and revealed 
surface bled formations, which the authors considered to be atrophied surface membrane extensions. 

In a study on the effect of manganese chloride on macrophages, this time harvested from the 
peritoneal cavity of untreated mice, the cells were incubated in Eagle’s Minimum Essential Medium in 
the presence of manganese (0.55–549 mg /ℓ; calculated from stated values of 10-5–10-2 mol/ℓ of 
manganese chloride), for 24 hours, at 37°C, in gas-tight culture flasks (de Ruiter et al., 1980). At the 
end of the incubation period, a sample of the gaseous phase was analysed for ethane content by gas 
chromatography, as a measure of the enzymatic peroxidation of unsaturated fatty acids by the 
macrophages. Changes in cell viability over the exposure period were assessed using the trypan blue 
exclusion test. Although exposure to manganese chloride did not appear to influence significantly 
ethane production and, by inference, the level of lipid peroxidation, a dose-related reduction in cell 
viability was clearly demonstrated; the effect was particularly marked at 549 mg Mn/ℓ  
(10–2 mol/ℓ), at which almost no viable cells remained by the end of the incubation period. However, 
since this does not represent a physiologically relevant level, the study is not considered of relevance 
to the in vivo situation.  

Thymocytes, bone marrow cells and alveolar macrophages harvested from Wistar rats, were incubated 
with manganese (as MnCl2) at 54.9 µg/ℓ, 0.55 mg/ℓ or 5.49 mg/ℓ (reported as 1, 10 or 100 µmol/ℓ) for 
30 minutes; several cell viability and activity parameters were assessed (Chukhlovin et al., 1996). For 
thymocytes, a significant and dose-related increase in the number of cells with low DNA content was 
noted, and manganese at 5.49 mg/ℓ (100 µmol/ℓ) caused a significant increase in the subpopulation of 
phagocytically active bone marrow cells. A dose-related reduction in the number of viable alveolar 
macrophages was also noted, which attained statistical significance at 0.55 or 5.49 mg Mn/ℓ (10 or 
100 µmol/ℓ). 

Exposure of phytohaemagglutinin–activated human lymphocytes to manganese (as MnCl2) at 
149.5 µg/ℓ, 758.6 µg/ℓ or 1.51 mg/ℓ (cited as 2.7, 13.7 or 27.3 µmol/ℓ) for 24 hours resulted in a 
marked, dose-related reduction in the level of the lysosomal enzyme N-acetyl-ß-D-glucosamidase and 
its isoenzymes, ß-D-glucuronidase and Xα-D-galactosidase, in the medium (Bairati et al., 1997). 

Ward et al. (1975) reported on several simple experiments on the in vitro effects of manganese 
chloride on neutrophilic leukocytes. When rabbit neutrophils were incubated in stainless steel 
chambers separated, by micropore filters of 0.65 µm porosity, from a filtrate derived from a culture of 
Escherichia coli in the presence of solutions of manganese chloride at 54.9 mg Mn/ℓ to 549 µg Mn/ℓ 
(calculated from stated values of 10-6–10-2 mol/ℓ, assumed to be MnCl2), neutrophil migration towards 
the E. coli filtrate decreased; 50% inhibition occurred at 27.47 mg Mn/ℓ (5 × 10-4 mol/ℓ MnCl2). 
Subsequent experiments in which the manganese chloride solution was added only to the chamber 
containing the filtrate or to the suspension of neutrophils confirmed that this was a direct effect on the 
neutrophils. Prior exposure of neutrophils to the manganese salt solution for 20 minutes before placing 
in the test system again resulted in inhibition, even if the neutrophils were first washed to remove the 
manganese chloride solution. A further experiment, in which incorporation of  
3H-leucine by the neutrophils was measured following incubation with manganese (54.94 mg/ℓ; 
reported as 10-3 mol/ℓ MnCl2), demonstrated that protein synthesis was significantly impaired. This 
contrasts with experiments performed on human fibroblasts and cells of a HeLa line, which 
demonstrated that manganese chloride had no effect on protein synthesis by the fibroblasts (as 
assessed in terms of 14C-proline uptake) and elicited little cytotoxicity in either cell type.  
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A mechanistic study on the stages of specific tumour cell lysis by T-lymphocytes included an 
investigation of the possible adverse effects of the divalent manganese ion on the process (Gately & 
Martz, 1981). The process of specific tumour cell lysis occurs in three successive stages: adhesion 
formation (formation of strong adhesions between the lymphocyte and the target cell); programming 
for lysis (lymphocyte acting on the target cell causing it to become irreversibly committed to lyse); 
and the final killer-cell-independent lysis process. Briefly, in a series of experiments, T-lymphocytes 
(obtained from the peritoneum of C57BL/6 (H-2b) mice) were incubated with P815 mastocytoma cells 
labelled with Na2

51CrO4 for 10 minutes at 0°C. (Cells were maintained by serial passage in 
BALB/c × DBA/2 F1 mice.) Subsequent to further incubation under various conditions, cytolytic 
activity (51Cr release), cellular adhesion and programming for eventual lysis were all assessed. 
Lymphocytes and mastocytoma cells were incubated with several compounds, including manganese 
(as MnCl2 6H2O), in various combinations. In some instances, each cell type was separately pre-
incubated before mixing. The experiments showed that the divalent manganese ion selectively 
inhibited only the second stage (programming for lysis), which was found to be calcium  
ion-dependent.  

When DNA synthesis rates were determined for human peripheral blood mononuclear cells using a 
radiolabelled-thymidine incorporation assay, inclusion of manganese (5.49 mg/ℓ–54.9 µg/ℓ; calculated 
from stated MnCl2 concentrations of 10-4–10-6 mol/ℓ) in the culture medium resulted in a dose-related 
decrease in the rate of DNA synthesis, following induction by the mitogen, phytohaemagglutinin. 
Complete inhibition occurred at 5.49 mg Mn/ℓ (10-4 mol/ℓ MnCl2). In further experiments, the level of 
lymphokine production was assessed, using specific radioimmunoassay techniques, in mononuclear 
cells, in the presence or absence of phytohaemagglutinin. Spontaneous or phytohaemagglutinin-
induced IL-1α and IL-1β production was enhanced by the presence of manganese at 5.49 mg Mn/ℓ 
(10-4 mol/ℓ MnCl2), as was spontaneous production of TNF-α. However, phytohaemagglutinin-
induced IL-2 production and levels of INF-γ were decreased by the presence of manganese chloride. 
The findings were noted to suggest that manganese might interfere with both cellular and humoral 
immune functions through multiple pathways (Theocharis et al., 1991). The authors also stated that a 
decrease in soluble IL-2 receptor level was noted in response to manganese exposure; however, no 
supporting data were presented. 

The effects on pulmonary macrophage functions of various types of welding fume containing 
manganese were assessed in a series of detailed experiments reported by Antonini et al. (1999). The 
macrophages used were obtained by bronchiolar lavage of male CD/VAF rats. Fumes produced by 
three different processes were investigated: gas metal arc welding fumes generated using a mild steel 
electrode (14.6% by weight of manganese); fumes from gas metal arc welding using a stainless steel 
electrode with argon and carbon dioxide shielding gases to protect the weld from oxidation  
(23.2% manganese); and fumes from manual metal arc welding using a flux-covered stainless steel 
electrode (16.7% manganese). Other metals present in the fume samples included iron, chromium, 
nickel, copper, titanium and, in the manual metal arc/stainless steel sample only, vanadium. In the 
experiments, the fume samples were suspended in sterile phosphate-buffered saline; in some cases the 
activities of soluble and insoluble components were assessed separately. The percentage of manganese 
by weight of the metals occurring in the soluble fraction differed markedly between the fume types 
(gas metal arc/mild steel, 93.0%; gas metal arc/stainless steel, 68.2%; manual metal arc/stainless steel, 
11.7%, with chromium as major constituent at 87.0%). In the initial set of experiments, pulmonary 
macrophages were incubated with the fume (25 µg/mℓ in saline) for 30 minutes, or 12 or 24 hours, and 
were then examined for evidence of macrophage–particle interactions using confocal microscopy and 
flow cytometry. Cell viability was assessed in a trypan blue exclusion assay following incubation of 
the macrophages with 6.25, 25 or 100 µg/mℓ of fume for 24 hours. Appropriate vehicle controls and 
negative (iron oxide) or positive (silica) controls were included. Surface binding or internalisation of 
particles was noted to occur within 30 minutes of exposure, and no significant difference in response 
was seen for the various fume types. However, differences were noted in cell viability with, for 
example, at the 25 µg/ml level, mortality rates of 56, 30 or 16% for manual metal arc/stainless steel, 
gas metal arc/stainless steel or gas metal arc/mild steel fumes, respectively. The toxicities of the fume, 
and its soluble and insoluble components were compared by incubating cells with the appropriate 
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sample at a concentration of 25 µg/ml, for 1 or 24 hours. Endpoints assessed included ß-N-acetyl-
glucosamidase activity, reactive oxygen species (ROS) and cell viability; results were also presented 
for lactate dehydrogenase activity but the methodology employed was not discussed. These 
experiments confirmed the previously established relative toxicities of the whole fumes, and 
demonstrated that, particularly in the case of the two stainless steel fumes, the soluble fractions were 
the most toxic. However, pre-treatment of samples with a chelator, desferrioxamine, generally had 
little effect on toxicity. The authors noted that the most toxic component was the manual metal 
arc/stainless steel soluble fraction, which contained mainly chromium. The small fraction of gas metal 
arc/stainless steel fume that was soluble was mainly composed of manganese and a little iron (4.61%). 
The more soluble gas metal arc/stainless steel fraction, while still containing mainly manganese, was a 
more complex mixture (containing nickel 11.8%, iron 9.26%, chromium 5.5.3%, copper 4.4%). The 
authors suggested that the mixture of soluble and insoluble nickel, chromium and copper found in the 
gas metal arc/stainless steel sample may be responsible, in combination with manganese and iron, for 
the higher toxicity of gas metal arc/stainless steel fumes compared with those from gas metal arc/mild 
steel welding. 

7.3.4.7 Synopsis on experimental studies on immunotoxicity 
Studies are summarised in Table 7.15. Although of varying quality, infectivity studies in rodents 
have suggested that inhalation exposure to manganese, as the oxide, dioxide or chloride, might 
interfere with immune responses to bacterial or viral challenge. The lowest exposure at which an 
effect on survival has been reported is 0.65 mg Mn/m3 for 2 hours, in mice exposed to manganese 
(as Mn3O4) and subsequently challenged with S. pyogenes (Adkins et al., 1980c).  

Inflammatory responses have also been demonstrated following intratracheal administration of 
manganese sulphate (Rice et al., 2001) and manganese dioxide (Lison et al., 1997). Several 
studies have also suggested immunomodulatory effects following single or repeated parenteral 
administration of manganese chloride or potassium permanganate. However, results from the 
local lymph node assay suggested that manganese chloride was not a sensitiser (Ikarashi et al., 
1992). 

7.3.5 Neurotoxicity 
There is a vast literature on the neurological effects of manganese exposure in animals. A few of these 
reports are on neurobehavioural effects and most are on the effects of manganese on the 
concentrations of bioactive chemicals and enzymes in the brain. Owing to the reports of symptoms 
similar to those of Parkinson’s disease in humans, much of the work has concentrated on the areas of 
the brain concerned with the control of movement, principally the organs of the basal ganglia, that is 
the globus pallidus, putamen and caudate nucleus and the substantia nigra, and the dopaminergic 
system; these two systems have been shown to be associated with Parkinson’s disease (see Figure 7.1). 

Figure 7.1 Outline of the brain showing  
sites of manganese accumulation  
and action 
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Table 7.15 Summary of in vivo studies of the effects of manganese on immune function 

Route Species/strain Dose/Duration Main effects Reference 

Inhalation Mouse/ CD-1 
  

Manganese dioxide at 109 mg/m3 for  
1–5 hrs/day, for up to 5 days 

Pulmonary inflammatory infiltration, oedema and congestion –  
severity Incr with duration of exposure. 
Red survival following bacterial or viral challenge 

Maigetter et al. 
(1976) 

 Mouse/ CD-1 Manganese oxide at up to 3.0 mg Mn/m3 
for 2 hrs 

Red survival and pulmonary clearance and earlier onset of septicaemia  
following bacterial challenge. Red level of immunity 

Adkins et al. 
(1980c) 

 Guinea pig Manganese dioxide at 5.9 mg/m3 for 
6 hrs/day, 5 days/week, for 4 weeks 

No effect on bacterial clearance (unless co-exposed to SO2) Ryland et al. (1971) 

 Guinea pig Manganese dioxide at 12 or 20 mg/m3 for 
4 weeks 

Incr in no. of leucocytes in lavage fluid  Rylander and 
Bergstroem (1973) 

 Guinea pig Manganese dioxide at 22 mg/m3 for  Altered macrophage levels in lavage fluid following co-exposure  
  24 hrs to bacteria. Overall impairment of bacterial clearance 

Bergstroem (1977) 

 Rabbit Manganese chloride at 1.1 or 3.9 mg/m3  
for up to 6 weeks 

No effect on bacteriocidal activity of alveolar macrophages when  
assessed in vitro 

Camner et al. 
(1985) 

Intratracheal Rat/ CD Single dose of manganese sulphate at up  Altered cytological and biochemical composition of lavage fluid from 16 
  to 54.94 µg Mn/kg hours after dosing 

Rice et al. (2001) 

 Mouse/ NMRI Single dose of manganese dioxide at up  Altered cytological and biochemical composition of lavage fluid with  
  to 2.5 mg/mouse dose-relationship after adjustment for particle surface area 

Lison et al. (1997) 

Dermal Mouse/  
BALB/c 

Single dose of manganese chloride 
at 2.5 mg/mouse  

Sensitisation index = 0.82 (i.e. not a sensitiser) Ikarashi et al. 
(1992) 

Mouse/ 
CBJ/A, 

Injection 
(various) 

C3HeJ, 

Single dose of manganese chloride at  
various dosages 

Incr immune responsiveness involving NK cell functionality and  
changes in interferon levels 

 C7/BL/6J,   
 C57/BL/6J-Bg   
 and A/J   

Smialowicz et al. 
(1984) 

IM Mouse/ 
CBJ/A, 

Altered NK activity and Incr pulmonary clearance  

 A/J and   
 C57/BL/6J 

Single dose of manganese chloride 
at up to 120 mg/kg 

 

Rogers et al. (1983) 

 Mouse/ CBJ/A 
and C57BL/6J 

Single dose of manganese chloride 
at up to 40 mg/kg 

Incr cell-mediated cytotoxicity and altered macrophage function Smialowicz et al. 
(1985) 

 Mouse/ CBA/j Single dose of manganese chloride at  
at up to 80 mg/kg 

Incr NK cell activity and Decr in thymus weight Smialowicz et al. 
(1987) 

 Rat/ WAG  Single dose of manganese dust Decr in no. of tumours in rats following nickel induction Judde et al. (1987) 



 

 
IEH Web Report W17, posted October 2004 at http://www.le.ac.uk/ieh/  

 

216

Route Species/strain Dose/Duration Main effects Reference 

IP Mouse/ CD-1 Manganese chloride at up to  
10 mg/kg/day for 4 weeks 

Altered immune responses to in vitro mitogen or antigen challenge  Srisuchart et al. 
(1987) 

SC Mouse/ Swiss  Single dose of approx. 4.88 mg  Induction of granuloma formation 
 Webster potassium permanganate  

Conti et al. (1993) 

 Mouse/ ICR Manganese chloride (dose  
not known) 

Transitory Incr in interleukin level and altered hepatic metallothionen  
level 

Himeno et al. 
(2002) 

Water Carp Manganese chloride at 50 mg/ℓ for 66 
days 

Incr macrophage phagocytic activity to in vitro challenge Cossarini-Dunier et 
al. (1988) 

Decr, decrease; hrs, hours; IM, intramuscular; Incr, increase; IP, intraperitoneal; no., number; Red, reduced; SC, subcutaneous 
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There have been few studies in experimental animals using inhalation as the means of exposure to 
manganese, and the range of exposure methods, intravenous, subcutaneous, in food and drinking water 
and by intubation, for different time intervals, makes the comparison of results difficult. Manganese of 
different particle sizes may also have been administered in the inhalation experiments. In many cases, 
drinking water doses are given without reporting of daily consumptions and body weights, thus 
rendering impossible, beyond estimates, comparison with doses given in mg/kg/day. Most studies 
have been conducted to investigate possible mechanisms of manganese toxicity using a single high 
dose, rather than a range of doses suitable for the setting of NOAELs and LOAELs for regulatory 
purposes. 

Studies on primates are considered in some detail (below) as the behavioural and neurochemical 
effects appear to be similar to those seen in humans exposed to manganese. There are also a large 
number of studies on the neurological and, in particular, the neurochemical effects of manganese on 
rodents. Many of these reports are observational and so only those that are important in pointing 
toward a mechanism of action for manganese toxicity or where there is an indication of a LOAEL are 
summarised. 

7.3.5.1 Inhalation exposure 
Short-term exposure 

In a study of rats exposed to manganese dust by inhalation (3.75 mg/m3 for 6 hours/day, 5 days/week 
for 13 weeks), which the authors considered comparable to an occupational exposure, there was an 
increase in locomotor activity accompanied by an increase in the concentration of manganese in the 
lung (control, 0.18; exposed, 0.30 µg/g tissue), globus pallidus (control, 0.55; exposed, 1.28 µg/g tissue), 
putamen (control, 0.44; exposed, 0.89 µg/g tissue), frontal cortex (control, 0.47; exposed, 0.84 µg/g tissue) 
and cerebellum (control, 0.48; exposed, 0.63 µg/g tissue; St-Peirre et al., 2001). 

Long-term exposure 

Nishiyama et al. (1977) exposed Rhesus monkeys to submicron manganese dust at concentrations of 
0.7 or 3 mg/m3 manganese for 22 hours/day for 10 months. Two out of three of the monkeys treated 
with the higher concentration developed mild but definite neurological symptoms, including mild 
tremor of the fingers, a loss in pinching force and loss of dexterity in upper limb movement, after  
3 to 4 months. After 10 months exposure, there was an increase in adenosine deaminase in all regions 
of the brain and increased levels of monoamine oxidase in some regions but not the basal ganglia. 
Manganese accumulated in all regions of the brain but this was especially striking in the basal nuclei 
(caudate nucleus, pallidum and putamen; 16 µg/g dry weight with control levels of 5 µg/g). 

Ulrich et al. (1979a) exposed monkeys and rats to 0.0116, 0.1125 and 1.152 mg Mn/m3 as a 
manganese (II,III) oxide (Mn3O4) aerosol, for 24 hours/day for 9 months. There were no observed 
effects on limb tremor or electromyograms and although increased manganese levels were seen in a 
number of organs, brain levels were not measured.  

Bird et al. (1984) in an inhalation study of manganese dust (30 mg/m3 for 6 hours daily) over two 
years showed no behavioural or abnormal neurological signs in Rhesus monkeys while there were 
increases in manganese levels in the basal ganglia (1.7–3 µg/g wet weight) and significantly decreased 
dopamine concentrations in the globus pallidus and caudate. This concentration of manganese dust 
was considered comparable to that found in Chilean mines. 

7.3.5.2 Oral administration 
Short-term exposure 

There have been a number of behavioural studies on rats. In an early study manganese chloride and 
copper sulphate were given to rats in the drinking water (1 mg/mℓ) together with a low protein diet for 
30 days (Murthy et al., 1981a; Chandra, 1983; Ali et al., 1985) leading to hyperactivation and 
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impaired learning and memory, as measured by conditioned avoidance, unconditioned escape and 
escape failure. These changes were accompanied by increased brain levels of dopamine and 
noradrenaline, with animals fed a low protein diet being more vulnerable to neurotoxic effects. 
Although no absolute brain manganese levels were given in these papers, the levels were reported as 
having increased 40% in 14 days and 80% in 30 days. Similar neurobehavioural effects were seen up 
to 13 weeks by Derevenco et al. (1988) with doses of 20 and 300 mg/kg manganese chloride.  

Learning defects, detected using a T-maze, were seen after 30 days treatment of rats with manganese 
chloride (357 or 714 mg/kg/day), given orally, and were reversed using mevinolin, an inhibitor of 
cholesterol biosynthesis. Manganese levels in the cerebellum, cortex and hippocampus were slightly 
increased, from a control animal value of 0.5 to 0.6–0.8 µg/g wet weight. The authors suggested that 
manganese toxicity produces learning disability by increasing cholesterol biosynthesis (Öner & 
Sentürk, 1995; Sentürk & Öner, 1996). Other studies have shown early increases in motor activity up 
to one month followed by a return to control values (Bonilla, 1984; Nachtman et al., 1986). A further 
study showed a transient rise in caudal motor nerve conductance velocity after treatment of rats with 
manganese chloride (8 mg/kg bw, intraperitoneally, twice weekly) for 4 weeks (Teramoto et al., 
1993). 

Spadoni et al. (2000), after a high dose treatment of rats (20 mg/mℓ drinking water for 3 months), 
found neither gliosis nor neuronal loss in the globus pallidus but reported that the neurons were 
vulnerable, with the majority of neurons dying after exposure to standard dissociation media and patch 
clamping. 

Long-term exposure 

A study on Rhesus monkeys reported muscle weakness and rigidity of the lower limbs after 18 months 
exposure to manganese chloride (25 mg/kg bw/day) given orally (Gupta et al., 1980); some neuronal 
degeneration and depigmentation was noted in the substantia nigra. This figure can be used as a 
LOAEL for changes in brain pathology.  

Bonilla (1984) found a decrease in motor activity in rats after 7 months treatment with manganese 
chloride in drinking water (1 mg/mℓ). 

7.3.5.3 Parenteral administration 
Short-term exposure 

Early work on the treatment of monkeys with manganese suggests that behavioural effects are similar 
to those seen in humans. An early study by Neff et al. (1969) briefly reported signs of muscular 
rigidity, flexion posturing of the extremities and some tremor in squirrel monkeys (Saimiri sciurea), 
two months after receiving the second of two doses subcutaneously of a suspension of 200 mg 
manganese (IV) oxide. A further group receiving a third dose were killed after 5 months. No changes 
were seen in the brain histology of these animals but there were decreased levels of dopamine and 
noradrenaline in the caudate nucleus. A further study on Rhesus monkeys (Macaca mullata) showed 
similar neurological manifestations after 3 to 4 weekly injections of between 0.25 and 1 g manganese 
(IV) oxide (Suzuki et al., 1975), with manganese accumulating in the basal ganglia (30–100 µg/g wet 
weight). 

Olanow et al. (1996) treated three Rhesus monkeys with 7 weekly intravenous injections of manganese 
chloride (10–14 mg/kg bw). Two of the monkeys developed signs of basal ganglia dysfunction with 
bradykinesia, rigidity and facial grimacing but not tremor and, in contrast to Parkinson’s disease, these 
symptoms were not reversed by L-dopa. Autopsy revealed gliosis in the globus pallidus and substantia 
nigra pars reticularis with focal mineral deposits and again, in contrast to Parkinson’s disease, no 
damage to the nigrostriatal dopaminergic system. The authors state that MRI indicated no increased 
levels of manganese in the affected tissues. This cumulative exposure to manganese (approximately 
80 mg/kg bw) where there is no damage to the striatum appears to be higher than that of lowest life-
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time accumulation in workers with significant behavioural abnormalities (12.5 mg/kg bw; Roels et al., 
1992; Lucchini et al., 1999). 

Long-term exposure 

Eriksson et al. (1987, 1992a,b) have carried out a series of experiments on Macaca fascicularis 
monkeys treated with manganese oxide administered subcutaneously. In the first study (Eriksson et al., 
1987), four monkeys were treated with a total of 8 g of manganese oxide over a 5-month period and 
then left for 1 week to 6 months before being killed. After about 2 months the animals became 
hyperactive and then after 5 months became hypoactive with an unsteady gait, an action tremor, loss 
of power in both upper and lower limbs and clumsy movement in hands and feet. Manganese levels in 
the brain rose tenfold with the highest levels in the globus pallidus and putamen (manganese-treated 
animals, 9–34 µg/g tissue; control, 0.2–0.9 µg/g). These organs showed the greatest change in 
neurochemistry with a depletion of dopamine and dihydroxyphenylacetic acid and neuronal loss in the 
globus pallidus. A further two monkeys were treated monthly with 0.4 g manganese oxide for 12 
months and underwent positron emission tomography and MRI scans over 16 months. The use of 
stable isotope-labelled receptor ligands indicated degeneration of dopaminengic nerve endings but 
unchanged dopamine turnover. MRI revealed that manganese had accumulated in the globus pallidus, 
putamen and caudate nucleus, although this was not quantified. A further study (Eriksson et al., 1992) 
on receptor alterations in three monkeys treated for 26 months with 0.1 g manganese oxide/month 
(dosing which the authors considered to be comparable to that which workers might inhale in dusty 
environments) revealed a vulnerability of dopaminergic neurons (particularly D1) to manganese 
concentrations attainable in the work environment. There were no obvious signs of low-dose 
manganese toxicity while recorded locomotor activity showed a time-dependent decrease in one 
monkey but not in the other treated animal nor the control.  

Newland and colleagues (Newland & Weiss, 1992; Newland, 1999) considered that previous studies 
have utilised high dosing rates and cumulative doses (over 100 mg/kg bw) and so they have attempted 
to develop methods for the sensitive measurement of neurological effects at low doses of manganese 
(5–10 mg/kg bw, given intravenously, over a period of 450 days) where there are no overt signs such 
as tremor and rigidity. Using cebus monkeys they used a technique called effortful responding, which 
consisted of a learned rowing movement. Even the low dose of 5 mg/kg bw showed a clear effect on 
effortful response (incomplete responses). Action tremor appeared at a cumulative dose of 
40 mg/kg bw. MRI revealed that the behavioural effects were accompanied by an increase in 
manganese concentration in the globus pallidus and substantia nigra, although there was no 
quantitation. 

7.3.5.4 Other routes of exposure 
Short-term exposure 

Recent studies on rat and pike indicate that, following intranasal administration, manganese can be 
taken up via the olfactory pathways and passed transneuronally to other parts of the brain (Tjälve et 
al., 1995; Tjälve & Henriksson, 1999). Two doses of 800 µg manganese chloride administered 
intranasally one week apart led to a twofold increase in striatal manganese levels (Gianutsos et al., 
1997; Henriksson & Tjälve, 2000). However, the human olfactory bulb appears to be much smaller 
and it is not clear if intranasal uptake plays an important role in exposure to manganese in humans. 

Witholt et al. (2000) induced a pre-parkinsonian state in rats by intrastriatal injections of  
6-hydroxydopamine and found that subsequent manganese treatment (4.8 mg/kg bw/day 
intraperitoneally, 3 days/week for 5 weeks) led to a significant impairment of neurobehavioural 
function, suggesting that a subpopulation in a pre-parkinsonism state may be vulnerable to behavioural 
impairment brought about by chronic manganese exposure. Manganese levels in the brain (except the 
striatum) increased from 0.44 in the controls to 1.55 µg/g wet weight. In a follow-up paper, Gwiazda 
et al. (2002) showed a significant increase in striatal γ-amino butyric acid but no change in dopamine. 
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The authors hypothesised that during the progression of manganese toxicity with increasing 
cumulative dose, γ-amino butyric levels are affected before dopamine.  

7.3.5.5 Mechanisms of action 
Many of these papers show increases in manganese levels in various regions of the brain. However, 
many studies, particularly in the monkey, indicate that the highest concentration appears in the globus 
pallidus and that this region of the basal ganglia is the main target for damage in manganese 
neurotoxicity. The globus pallidus (among other regions) is known to be sensitive to energy 
deprivation and abnormal excitotoxic injury and contains certain dopaminergic neurons and receptors 
(Verity, 1999). Manganese uptake into the brain must play a role in the regulation of manganese 
toxicity and selective uptake into the globus pallidus would appear necessary for the high levels found 
and its effect. Animal models have proved difficult to interpret as they show a variable latency of toxic 
effect (Verity, 1999). A number of papers have suggested that following manganese administration 
systemically, most manganese is sequestered in the choroid plexus, thereby protecting the central 
nervous system (Ingersoll et al., 1995; Zheng, 2001). Intrathecal manganese is rapidly incorporated 
into the brain and does not subsequently pass to the choroid plexus (Ingersoll et al., 1999). Manganese 
crosses the blood–brain barrier as Mn2+ or Mn3+ but Mn3+ selectively binds to transferrin, the plasma 
iron carrying protein. Brain manganese uptake is increased in iron deficiency (Aschner & Aschner, 
1991; Aschner et al., 1999; Zheng et al., 1999). Sloot et al. (1994) observed axonal transport of 
radiolabelled manganese after microinjection into the substantia nigra or striatum, with accumulation 
and retention in the globus pallidus, striatum, thalamus and substantia for at least 48 hours. The 
authors suggested that manganese may possibly bind to transferrin and that glial cells may also play a 
role. The globus pallidus and the substantia nigra are rich in transferrin receptors (Hill et al., 1985; 
Verity, 1999). Several papers have suggested a role for the astroglial system in manganese 
neurotoxicity as these cells have the highest levels of the manganese-containing enzyme, glutamine 
synthetase, and the mitochondria (where manganese accumulates) are active oxidatively (Tiffany-
Castiglioni et al., 2001; Tiffany-Castiglioni & Qian, 2001; Hazell, 2002). 

Hypotheses have been made in an attempt to link the neuronal loss and gliosis seen in the globus 
pallidus with the dyskinesia seen in experimental and human manganism (Verity, 1999). In a 
simplified model, motor activity represents an equilibrium between the excitatory glutamatergic 
system projecting from the cortex to the basal ganglia and the inhibitory GABAergic striatopallidal 
systems converging on the thalamus with appropriate thalamic modulation of further cortical activity. 
The partial knockout of some globus pallidus neurons leads to the evolution of dyskinesia leaving a 
general diminution of inhibitory γ-amino butyric acid transmission to the thalamus. Ultimately, an 
inhibited thalamic-cortical activity would be expected to produce the dyskinesia of manganism 
(Verity, 1999). 

Many of the earliest studies in rodents looked at the effects of manganese on levels of dopamine 
uptake and turnover and dopaminergic neurons in various regions of the brain. These studies in rats 
and rabbits showed an increase in dopamine turnover and receptors in the striatum even after short 
exposure (15–30 days; Mustafa & Chandra, 1971; Shukla & Chandra, 1981a; Seth et al., 1981; Seth & 
Chandra, 1984). If L-dopa was administered this led to an increase in dopamine and its metabolite, 
homovanillic acid. A decrease in dopamine and homovanillic acid was seen after a high oral dose of 
manganese chloride (approximately 900 mg/kg bw/day for 7 months); of which the effect was 
reversed by injections of L-dopa (Bonilla & Diez-Ewald, 1974; Bonilla & Prasad, 1984). The decrease 
in dopamine and dopamine β-hydroxylase was seen specifically in the striatal regions (Autissier et al., 
1982; Subhash & Padmashree, 1991; Komura & Sakamoto, 1992; Desole et al., 1995) and a single 
injection of manganese chloride into the rat substantia nigra caused a significant reversible decrease in 
nigral and striatal dopamine (Daniels & Abarca, 1991). This may be due to an increased formation of 
dopamine sulphate (Ranasinghe et al., 2000). Monoamine oxidase levels were also increased with 
manganese treatment from 15–120 days (Sitaramayya et al., 1974; Chandra & Shukla, 1978; Subhash 
& Padmashree, 1990).  
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A number of other biogenic amines and enzyme systems have also been studied in rodents but there 
have been a number of conflicting results and the studies have not been directly comparable. For 
example, striatal adenylate cyclase was decreased in rats treated with manganese (2.5, 5 and 10 mg/mℓ 
drinking water for 8 months; Bonilla, 1985), while the enzyme was stimulated 8–16 times when 
manganese (at doses up to 10 mmol/ℓ with a doubling of activity at 50–60 µmol/ℓ) was added to 
striatal homogenates in vitro (Walton & Baldessarini, 1976). Chandra et al. (1982) found a decrease in 
γ-amino butyric acid, γ-amino butyric acid transferase and glutamate decarboxylase in rats treated for 
30 days with 6 mg/kg bw/day, while Bonilla (1978) found increased γ-amino butyric acid in the 
caudate nucleus after 2 months treatment with 10 mg/mℓ drinking water. In rat brain synaptosomes, 
manganese inhibits Na-K-ATPase activity (Lai et al., 1980) and the adenosine triphosphate-dependent 
calcium pump (Low et al., 1991). 

These results suggest that dysfunction of the dopaminergic neurons plays a role in manganese toxicity. 
In rat striatal tissue slices, manganese mimics the action of 1-methyl-4-phenylpyridinium ion, a 
dopaminergic neurotoxin, in inhibiting tyrosine hydroxylation (Hirata et al., 2001). However, short-
term exposure causes no or minimal change suggesting a lack of direct effect of manganese on 
dopaminergic nerve terminals (Verity, 1999). Therefore, the effects seen in chronic animal models and 
in humans showing striatal involvement and decreased dopamine must be secondary. Manganese 
inhibits synaptic uptake of dopamine in vitro (also glutamate and γ-amino butyric acid; Lucchini et al., 
1999) but this is not seen in synaptosomes isolated from neonatal rats (Lai et al., 1984) and these 
animals do not develop manganese toxicity or take up manganese into the striatum (Kontur & Fechter, 
1988). Ingersoll et al. (1999) observed that following intrathecal manganese, uptake into the 
mesencephalon was decreased by prior administration of cocaine or reserpine, suggesting a unique 
coupling of manganese uptake to dopamine transport, which may explain the age-dependence and 
provide insight into the specificity of manganese for dopaminergic systems (Verity, 1999). Manganese 
inhibition of terminal dopamine uptake could have potentially toxic effects.  

Early studies showed a decrease in the mitochondrial enzyme, succinate dehydrogenase, with 
manganese treatment (Singh et al., 1974; Hietanen et al., 1981). This finding has been confirmed in a 
recent paper on aged rats treated with manganese chloride (6 mg/kg bw/day for 30 days) where 
succinate dehydrogenase was decreased in organs of the basal ganglia and there was decreased 
glutamine decarboxylase expression in individual γ-amino butyric acid-neurons in the globus pallidus 
but not the striatum (Tomás-Camardiel et al., 2002). The globus pallidus is characterised by a high 
rate of oxidative phosphorylation centred on the mitochondrion (Verity, 1999). There is some 
evidence that mitochondrial dysfunction with the resultant defective energy metabolism could be a 
neurotoxic mechanism of action for manganese (Verity, 1999; Brown & Taylor, 1999). Intracellular 
manganese accumulates specifically and substantially in the mitochondria (Liccione & Maines, 1989), 
probably using calcium transporters, since manganese enhances the rate of calcium influx into brain 
mitochondria and inhibits its efflux (Gavin et al., 1990; Gavin et al., 1999). A number of in vitro 
studies indicate that manganese has the potential to inhibit a number of complexes and enzymes 
involved in the respiratory chain including aconitase (Zheng et al., 1998; Chen et al., 2001), 
Complex I (Galvani et al., 1995) and Complex II (Malecki, 2001). 

A number of recent papers suggest a secondary role for excitotoxicity following impairment of 
oxidative energy metabolism, in manganese neurotoxicity (Brouillet et al., 1993; Cano et al., 1997; 
Miele et al., 2000; Centonze et al., 2001). This appears to be due to hyperactivity of corticostriatal 
neurons rather than increased sensitivity to glutamate. Further evidence for this comes from Cuesta et 
al. (1995) who studied striatal slices isolated from mice treated for 2 or 8 weeks with manganese 
(5 mg/kg bw/day). They found that 2 weeks of treatment led to the loss of control of dopamine release 
by presynaptic autoreceptors reversed by an inhibitor (MK801) of glutamate receptors. This suggests 
that the activation of presynaptic glutamate receptors in manganese treatment may have an effect on 
dopamine release. After 8 weeks there was a return to control of dopamine release and the authors 
hypothesised that this may be due to the down-regulation of glutamate receptor binding sites. 
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An early hypothesis for the toxic mechanism of manganese, involved a role for the increased 
production of ROS. Many transition metals, notably copper and iron, catalyse the Fenton reaction, 
which converts hydrogen peroxide to hydroxyl radicals. Enhanced auto-oxidation of dopamine with 
subsequent free radical production has also been shown in the presence of manganese (Donaldson et 
al., 1981; Barreto et al., 2001). For example, direct injection of manganese into the substantia nigra 
induces reversible dopamine depletion in the ipsilateral striatum together with accumulation of 
calcium ion in the organs of the basal ganglia, including the striatum and the globus pallidus (Sloot et 
al., 1994). Other papers have demonstrated the production of ROS (Shi & Dalal, 1990; Horovitz & 
Bondy, 1994; Soliman et al., 1995) and hydroxyl radicals with manganese treatment both in vivo 
(Sloot et al., 1996) and in vitro (Sun et al., 1993). Studies have also suggested that trivalent 
manganese is much more able to promote the formation of ROS than divalent manganese (Ali et al., 
1995; Duhart et al., 1995; HaMai et al., 2001). 

However, recent papers suggest that manganese actually has a novel protective effect, resulting in 
decreased generation of ROS and lipid peroxidation (Shukla & Chandra, 1981b). Sziraki et al. (1999) 
have also shown that manganese does not appear to catalyse the Fenton reaction up to 125 µmol/ℓ and, 
in addition, have shown that normal dietary levels of manganese exert an anti-oxidative effect, which 
may be mediated by competition with Fenton reaction catalysing metals for binding sites or by 
termination of redox cycling reactions. Brenneman et al. (1999) tested the role for oxidative damage in 
manganese neurotoxicity by treating rats for 50 days post natally with 25 or 50 mg/kg bw/day 
manganese chloride. ROS were not increased in the striatum and there was no alteration in the levels 
of 8-hydroxydeoxy guanosine (a marker of oxidative damage) in either mitochondrial or nuclear DNA, 
while manganese levels were increased both in the brain regions and mitochondrial fractions of those 
regions. A recent paper has measured biochemical endpoints related to oxidative stress in the brains of 
neonatal rats exposed to oral manganese chloride (20 or 50 mg/kg bw/day) given daily throughout 
lactation (Weber et al., 2002). There was no change in the levels of glutamine synthetase or 
metallothionein in the cortex or cerebellum of exposed pups and the only increase seen was in the total 
reduced glutathione levels in the cortex. The authors concluded that it was unlikely that high-dose 
manganese exposure was associated with oxidative stress. A further in vitro study on the CATH.a 
catecholaminergic cell line using a fluorescent dye activated by the presence of ROS, concluded that 
manganese (up to 10 mmol/ℓ) can be both pro- and anti-oxidant depending on exposure levels and 
times and other secondary oxidative events (Worley et al., 2002). 

The results from the animal studies suggest that there is no single metabolic dysfunction that would 
account for manganese toxicity (Verity, 1999). The data indicate that manganese is selectively taken 
up into the globus pallidus and striatum, probably mediated by transferrin and possibly other metals 
such as iron and aluminium; for example, toxic effects of a direct injection of manganese into the 
striatum are potentiated by high levels of endogenous trivalent iron ion (Sloot et al., 1994). Manganese 
may induce dopamine autoxidation although its significance is unclear as manganese has an anti-
oxidant activity but changes in the iron states may lead to the production of ROS. Manganese 
inhibition of dopamine transport at cellular and pre-synaptic uptake sites may lead to extra dopamine 
and other catecholamines, allowing for interaction. After transport into the dopaminergic synapses, 
alterations within the mitochondria lead to dysfunction with decreased oxidative phosphorylation and 
adenosine triphosphate, slow accumulation of ROS and abnormal calcium concentrations. 
Neurotoxicity may then be accelerated by production of an excitotoxic state, secondary to the decrease 
in energy metabolism. This hypothesis provides for the slow evolution of the syndrome, dopaminergic 
neuron affinity, a role for iron and anti-oxidant/oxidative state and the effects of an imposed 
excitotoxic injury (Verity, 1999).  

Similar potential mechanisms have also been observed in recent work on Parkinson’s disease. In 
Parkinson’s disease, there is a loss of dopaminergic neurons from the substantia nigra with the disease 
being defined by the loss of approximately 80% of neurons (reviewed by Goldman & Tanner, 1998). 
Recent studies with two chemicals which produce parkinsonian-like syndromes, methyl-phenyl-
tetrahydropyridine (Foley & Riederer, 2000) and rotenone (Betarbet et al., 2000), show the loss of 
dopamine, mitochondrial dysfunction, accumulation of ROS and possible roles for abnormal calcium 
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levels and excitotoxicity with the production of parkinsonian symptoms, such as hypokinesia and 
rigidity. These mechanisms represent a plausible hypothesis for the loss of dopaminergic neurons in 
Parkinson’s disease.  

The development of changes, both neurobehavioural and biochemical, in patients before the 
appearance of overt symptoms of Parkinson’s disease has not been studied and so it is not known if 
subclinical neurobehavioural changes such as those seen with low-level manganese exposure would be 
observed. 

However, the similarity of both symptoms and possible mechanisms in Parkinson’s disease and 
manganism strengthens the hypothesis that these mechanisms play a role in manganese toxicity. 

7.3.5.6 In vitro studies 
Recent results obtained mainly in vitro suggest that apoptosis may also play an important part in the 
action of manganese. Using manganese concentrations in vitro, which the authors considered to be 
similar to those seen in the basal ganglia of monkeys chronically exposed to manganese  
(5 × 10-6mol/ℓ), Vettori et al. (1999) observed apoptosis in PC12 cells (PC12 is a rat 
phaeochromocytoma dopaminergic neuronal cell line frequently used for in vitro neurotoxicity 
studies.) Manganese-induced apoptosis was also seen in PC12 cells at higher doses by other workers 
(Desole et al., 1996; Hirata et al., 1998; Roth et al., 2000). Manganese also enhanced apoptosis 
induced by L-dopa (Migheli et al., 1999) and induced multiple caspases and subsequent apoptosis in 
SN4741 nigral dopaminergic neuronal cells (Chun et al., 2001). Further recent in vitro studies have 
suggested that manganese may interact with nitric oxide production in the brain although the 
mechanism for this is so far unclear. Spranger et al. (1998) found an increase in mRNA for inducible 
nitric oxide synthase (iNOS) in astrocyte-neuronal co-cultures but not in microglial cells, whereas 
Chang and Liu (1999) found a potentiation of iNOS gene expression in N9 microglial cells; Mittal et 
al. (1995) reported that manganese inhibited constitutive isoforms of NOS (cNOS) from rat brain, 
measured in vitro. 

7.3.5.7 Synopsis on experimental studies on neurotoxicity 
Most of the studies on neurotoxicity in animals have been designed to investigate the mechanism 
of action of manganese. Hence there are few studies with a dose–response and none of use for 
setting NOAELs. The best estimates for a LOAEL for manganese taken orally are between 10 
and 40 mg/kg bw/day with changes in brain biogenic amines and motor activity as endpoints. 
Neurobehavioural and chemical effects were seen in rats after exposure to manganese by 
inhalation at 3.75 mg/m3 while, in monkeys, neurobehavioural effects were not observed after 
2 years inhalation of manganese at 30 mg/m3. The multiple dosing vehicles (and potentially 
different particle sizes administered) mean that different experiments cannot easily be 
compared.  

The pathogenesis of manganese neurotoxicity involves abnormal metabolism and uptake of 
dopamine in the basal ganglia, especially the globus pallidus region. The mechanism of action 
appears to include dysfunction of mitochondria and energy metabolism, the accumulation of 
ROS and abnormal calcium concentrations. Following the decreases in cellular energy levels, 
there is evidence for an excitotoxic mechanism of cell death which may be analogous to that 
produced by metabolic inhibitors such as 3-nitropropionate. The marked brain regional 
specificity of toxicity may relate to interactions with the dopamine transporter. (Figure 7.2) 
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Figure 7.2 Proposed multifactorial mechanism for manganese neurotoxicity (see text for 
further details) 

 

Modified from Verity, 1999 

7.3.6 Genotoxicity and carcinogenicity 
The most established short-term tests for carcinogenicity measure mutagenicity and/or other measures 
of DNA damage (collectively known as genotoxicity). The results of these genetic toxicity tests with 
manganese compounds are conflicting and are very much dependent on the particular assay and 
protocol used. However, high levels of manganese have been shown to be mutagenic in bacteria, yeast 
and animal cells both in vitro and in vivo. 

7.3.6.1 Genotoxicity 
The Salmonella typhimurium reversion test measures mutagenicity by analysing the reversion of 
histidine-dependent mutants of S. typhimurium bacteria to the histidine-dependent wild type, which 
appear as colonies. As many compounds require metabolic activation before they show mutagenic 
activity, the assays are performed in the presence and absence of a suitable metabolising system. The 
fraction of rat liver, termed S9, is commonly used for this purpose.  

There are a number of strains of S. typhimurium, and TA97, TA98, TA100, TA102, TA1535 and 
TA1537 have been used in in vitro mutagenicity studies with manganese chloride and manganese 
sulphate. Both compounds were mutagenic, without activation in S. typhimurium TA102; 
manganese (II) ion was the major mutagenic species (De Meo et al., 1991). As S. typhimurium TA102 
identifies mutagenicity derived from compounds that produce ROS (Levin et al., 1982), the result may 
provide some information about mechanism of action. Other studies in S. typhimurium have produced 
conflicting results with manganese sulphate. It was not mutagenic in TA97, TA98, TA100, TA1535 
and TA1537 in the presence or absence of metabolic activation (Mortelmans et al., 1986; NTP, 1993); 
however, Pagano and Zeiger (1992) reported it was mutagnic in TA97. In S. typhimurium TA98, 
TA102, TA1535 and TA1537, with no metabolic activation, manganese chloride was only mutagenic 
in strain TA1537 at concentrations of 8.8–52.8 mg Mn/ℓ (reported in the paper as  
20–120 ppm; Wong, 1988). However, no data were provided on positive controls. Studies providing 
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negative results in the absence of S9 mix should be treated with caution. Some compounds are only 
mutagenic after metabolic activation by the Phase 1 and Phase 2 metabolising systems present in the 
S9 liver homogenate (Levin et al., 1982).  

Another non-mammalian genotoxicity test uses a mutation gene conversion assay in yeast, 
Saccharomyces cerevisiae. S. cerevisiae strain D7 requires the medium supplement, tryptophan, to 
grow. The basis of the mutagenicity assay is the conversion of differentially inactive alleles to  
wild-type alleles, by mutagenic agents on medium lacking tryptophan; the only colonies that grow are 
wild-type. Manganese sulphate was positive in this assay without an exogenous metabolic activation 
system (Singh, 1984).  

The other mutagenicity assays that have been used to test the genotoxicity of manganese compounds 
have been performed in vitro using mammalian cells. The mouse lymphoma assay using L5178Y 
mouse lymphoma cells has been used to detect point mutations and clastogenic (chromosomal 
breakage) effects in a target gene, thymidine kinase. Manganese chloride was mutagenic in mouse 
lymphoma cells, in the absence of an S9 metabolising system (Oberly et al., 1982); using a range of 
concentrations, an increase in mutation frequency up to approximately sevenfold over solvent controls 
was observed. In contrast, in studies by Umeda and Nishimura (1979), manganese chloride was not 
clastogenic in cultured FM3A cells in the absence of S9. These studies suggest observed responses are 
very specific to cell type.  

Manganese (II) sulphate (MnSO4) caused sister chromatid exchanges and chromosomal aberrations in 
Chinese hamster ovary cells in the absence of S9, and only sister chromatid exchanges in the presence 
of S9 (NTP, 1993). 

A limited number of studies have looked at the genotoxicity of manganese compounds in vivo using 
fruit flies and rodents. In Drosophila melanogasta, the fruit fly, manganese chloride did not induce 
somatic cell mutations (Rasmuson, 1985), and manganese sulphate fed at 4500 mg Mn/kg bw (cited as 
12 500 mg MnSO4/kg) or injected at 360 mg Mn/kg bw (1000 mg MnSO4/kg) did not produce sex-
linked recessive lethal mutations (Rasmuson, 1985). In one study, oral doses of manganese chloride 
did not produce chromosomal aberrations in the bone marrow cells or spermatogonia of rats (Dikshith 
& Chandra, 1978). However, in another study, oral administration of manganese sulphate (36.9, 72.9 
and 219.6 mg Mn/kg bw; presented in the paper as 10.25, 20.25 and 61 mg MnSO4/100g bw) or 
potassium permanganate (22.8, 45.5 and 133 mg Mn/ kg bw; i.e. 6.5, 13 and 38 mg KMnO4/100g bw) 
to rats for three weeks induced micronuclei and chromosomal aberrations in bone marrow cells and 
sperm-head abnormalities (Joardar & Sharma, 1990). The authors suggested that the effects were 
mediated by manganese (II) ions, in view of their affinity for chromosomal components (Joardar & 
Sharma, 1990). However, the effects were only produced at high concentrations of manganese (II) 
ions and may have been secondary to cytotoxicity. Manganese sulphate did not induce heritable 
translocations in mice, following dietary administration for 7 weeks, or dominant lethal mutations in 
rats, following administration by gavage once a day for 1 to 15 days (NTP, 1993). 

7.3.6.2 Carcinogenicity 
NTP have carried out a 2-year carcinogenicity feeding study on Fischer 344 rats and B6C3F1 mice 
with manganese (II) sulphate monohydrate (NTP, 1993). Groups of rats and mice were fed diets 
containing 0, 1500, 5000 or 15 000 ppm manganese sulphate resulting in a daily digestion of 60, 200 
or 615 mg/kg bw (males) or 70, 230 or 715 mg/kg bw (females) in rats and 160, 540 or 1800 mg/kg 
bw (males) or 200, 700 or 2250 mg/kg bw (females) in mice. 

The only toxic effect seen in the rats was advanced renal disease in the highest dose group with 
concomitant decreased survival towards the end of the study. There was no increase in the incidence 
of neoplasms in male or female rats attributable to ingestion of diet containing manganese (II) sulphate 
monohydrate. 
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In mice, there was an increased incidence of thyroid gland follicular dilatation and hyperplasia at the 
highest dose and a slight increase in follicular cell adenomas (6% of males against a historic control 
value of 0–4%; 10% of females against a control value of 0–9%) although the significance of the latter 
is uncertain. The incidence of focal hyperplasia of the forestomach epithelium was also higher in the 
exposed groups. The hyperplasia is associated with ulcers and inflammation in some mice. 

The conclusion reached in this study was that there was no evidence of carcinogenic activity in the 
Fischer 344 rats treated with manganese (II) sulphate monohydrate. There was equivocal evidence of 
carcinogenic activity in B6C3F1 mice, based on a marginally increased incidence of thyroid gland 
follicular cell adenoma and the significantly increased incidence of follicular cell hyperplasia. 

The ingestion of diets containing manganese (II) sulphate was associated with an increased severity of 
renal disease in male rats, and focal squamous hyperplasia of the forestomach in male and female 
mice accompanied by ulcers and inflammation of the forestomach in male mice (NTP, 1993). 

Manganese (II) sulphate was among 13 metallic compounds tested for their ability to produce lung 
tumours in strain A mice (Stoner et al., 1976). The mice were injected up to three times a week with 
manganese (II) sulphate for 300 weeks to give a total dose 0, 132, 330, 660 mg/kg bw. There was a 
significant increase in the number of lung tumours at the highest concentration (660 mg/kg bw) from 
0.42 lung tumours/animal (saline control) to 1.20 in the treated mice. Subsequent studies have 
questioned the validity of this short-term test. In a study by Smith et al. (1984) only 5 out of a total of 
18 known human carcinogens were unequivocally positive in the Strain A mouse lung tumour assay. 

Trioctanoin suspensions of manganese (90 mg total) or manganese dioxide (90 mg total) were injected 
intramuscularly into Fischer 344 rats and Swiss albino mice. Manganese powder was also given orally 
to rats. There was no difference in tumour incidence between the control and treated animals. 
However, manganese acetylacetonate (300 mg) administered intramuscularly to rats produced a 
statistically significant increase in fibrosarcomas at the site of injection (Furst, 1978). 

A study by Sunderman et al. (1976) investigated the effects on Fischer 344 rats of manganese dust 
upon the incidence of sarcomas induced at the injection site after receiving a single injection of 1 mg 
nickel subsulphide I. Sarcomas at the injection site occurred in 77% of rats after receiving a single 
intramuscularly injection of 1.2 mg nickel subsulphide. When this nickel subsulphide dose was given 
together with manganese dust (median particle diameter 1.6 µm, 94% manganese), the incidence of 
sarcoma after 2 years was only 7%. There were no sarcomas with manganese dust alone. The 
mechanism of action is unclear but isotopic experiments indicate that manganese dust affects the 
subcellular distribution of nickel without affecting its kinetics (Sunderman et al., 1976). A further 
study by Sunderman et al. (1980) on injection site sarcomas induced by benzo[a]pyrene in Fischer 
344 rats, showed that the incidence of sarcomas was reduced when the injection was given with 
manganese (4.4 mg) from 17/20 (1.2 mg benzo[a]pyrene alone) to 10/19. In a further experiment, it 
was shown that manganese had no effect on 7,12-dimethylbenz[a]anthracene (0.6 mg) induction of 
local sarcomas, or on benzo[a]pyrene-induced sarcomas, if the manganese was injected at a different 
site (Sunderman et al., 1980). 

7.3.6.4 Synopsis on experimental studies on genotoxicity and carcingenicity 
In summary, it seems conceivable that the positive results reported in several short-term assays 
to predict mutagenicity are due not to the intrinsic direct genotoxicity of manganese but to 
indirect mechanisms, as occurs with other elements, such as nickel. The genotoxicity of 
manganese compounds seems to be mediated by divalent manganese ion at very high and 
cytotoxic concentrations (Joardar & Sharma, 1990). Based on the available data, no overall 
conclusion can be made as to the possible genotoxic hazard to humans. There is insufficient 
evidence from animal studies for the proper assessment of the carcinogenic potential of 
manganese. There was no evidence of carcinogenic activity in NTP studies on rats and mice.  
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7.3.7 Reproductive toxicity 
7.3.7.1 Effects on adult reproductive systems 
In an NTP 2-year feeding study on Fischer 344 rats and B6C3F1 mice, there were no changes in testes 
weight noted and no effects on the seminiferous vesicles with manganese sulphate fed in the diet at 
concentrations of up to 15 000 ppm (NTP, 1993). 

In a study only briefly described, Kar et al. (1972) treated rats with 8 mg manganese chloride 
(8 mg/kg bw) intraperitoneally, daily. Testicular manganese content was determined together with 
levels of amino acids after 30 and 60 days. Manganese content of the testes showed a 4- and 9-fold 
increase respectively and after 60 days there were increases in alanine, cysteine, leucine, proline, 
phenylalanine and glutamine, as compared to controls. The authors concluded that manganese showed 
evidence of an effect on metabolism in the testes much earlier than changes in histology. 

Laskey et al. (1982) chronically treated Long-Evans rats with manganese (II,III) oxide Mn3O4 
beginning on day 1 of gestation up to 224 days of age. The manganese was administered in low or 
high iron diets at concentrations of 350, 1050 and 3050 ppm. The highest manganese level with low 
iron was stopped after 40 days as there were 50% fatalities. The highest concentration with sufficient 
iron in the diet, showed some reduction in fertility and the higher doses showed some minimal effects 
on male reproductive development as measured by testes weight, sperm count and serum follicle 
stimulating hormone and testosterone. None of these effects was severe enough to alter functional 
reproduction. 

Laskey et al. (1985) described a study in which Long-Evans rats were dosed orally from birth to  
21 days with particulate manganese (II,III) oxide (Mn3O4) at doses of 0, 71 or 214 µg/kg bw/day. 
Assessments were made of hypothalamic, pituitary and testicular function by the measurement of 
endogenous and stimulated serum concentrations of the pituitary hormones, luteinising hormone and 
follicle stimulating hormone, and testosterone after 21 and 28 days. There were no significant dose or 
time-dependent changes in body or testes weight or in follicle stimulating hormone or luteinising 
hormone levels. There was a significant reduction in serum testosterone after 7 days of stimulation 
with human chorionic gonadotropin and the authors suggested that any effect is at the level of the 
testicular Leydig cell and there are no effects on the hypothalamus or pituitary. The hypothalamic 
manganese concentration seen in these animals is three times that seen in other studies where 
alterations in the dopaminergic systems have been reported. 

In a further study, male Sprague-Dawley rats were fed manganese sulphate (1000 ppm) in drinking 
water for 12 weeks and territorial aggression, sexual behaviour and fertility were then investigated. 
There was a decrease in territorial aggression in the treated rats and some slight effects on sexual 
behaviour, elongation in the time to ejaculation and post-ejaculation. There were no changes in 
fertility but an increase was seen in the number of resorptions (Bataineh et al., 1998). 

New-born CD-1 mice were chronically exposed to manganese oxide for 58, 73 or 90 days. The control 
diet contained 50 ppm manganese sulphate while the treated mice were exposed to a further 1050 ppm 
manganese as manganese (IV) oxide. The mice were tested for reactive locomotor activity and sexual 
development. While body, liver and kidney weights remained unchanged, the growth of the testes, 
seminal vesicles and preputial glands were retarded. The activity of the rats in a maze over a 2-hour 
period was significantly reduced at 73 days (Gray & Laskey, 1980). 

Joardar and Sharma (1990) compared the cytogenetic and clastogenetic effects of cationic (manganese 
sulphate) and anionic (potassium permanganate) salts of manganese in male Swiss mice. The 
manganese sulphate concentrations used were 610, 205 and 102.5 mg/kg bw and potassium 
permanganate, 380, 130 and 65 mg/kg bw. These concentrations constituted 1/5, 1/15 and 1/30 of a 
previously experimentally derived LD50 although no details are given. Among the endpoints measured 
was sperm-head abnormality in five animals for each treatment, administered orally for 5 days then 
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killed after 35 days; 500 sperm were assessed for each animal. There was a significant trend for 
increased sperm head abnormalities for both manganese sulphate and potassium permanganate. 

Fertility was estimated in male Swiss mice exposed for 12 weeks to 1000, 2000, 4000 or 8000 mg/ℓ 
manganese chloride in drinking water (Elbetieha et al., 2001). Mice were then mated for 10 days with 
unexposed females, which were then killed after a further 10 days and the number of pregnant 
females, implantation sites, viable fetuses and resorptions recorded. Fertility was significantly reduced 
in males exposed to 8000 mg/ℓ although there were no changes in the other parameters. In a further 
experiment, female mice were exposed to the same concentrations of manganese chloride for 12 
weeks and then mated with unexposed males for 10 days and killed after a further 10 days as before. 
Fertility was not reduced in any treatment group but the numbers of implantation sites and viable 
fetuses were significantly reduced in the highest dose group (8000 mg/ℓ). 

Rabbits were treated with single intratracheal injection of manganese dioxide (250 mg/kg bw) and 
killed at 4 and 8 months for histological and biochemical analysis. After 8 months, groups of treated 
and untreated rabbits were also tested for fertility. After 4 months, there were signs of degeneration in 
about 30% of seminiferous tubules, while at 8 months there was extensive disruption of the tubules 
with marked degeneration of spermatocytes and spermatids. This was accompanied by infertility. 
There were decreased levels of enzymes found in the testes of the treated rabbits — acid phosphatase 
(27%), adenosine triphosphatase (38%), succinic dehydrogenase (78%). The authors suggested that 
manganese affected the energy metabolism in the testes leading to the destruction of sperm producing 
structures (Chandra et al., 1973b). In a further study by the same group (Imam & Chandra, 1975), 
male rabbits received daily intravenous injections of 3.5 mg manganese chloride /kg bw for 5, 10, 15 
and 30 days before killing. The testes then underwent histological and histochemical analysis. Again 
there was a decrease in succinic dehydrogenase and a decrease in glucose-6-phosphate dehydrogenase 
in the seminiferous tubules with increasing degeneration from day 5 onward. 

Huang et al. (2001) showed that manganese nitrate inhibited sperm motility in vitro at a concentration 
of 500 ppm. However, there was no evidence of accompanying lipid peroxidation, measured by the 
production of malondialdehyde and indicative of free radical damage. The authors concluded that this 
effect on sperm motility at high concentration was not biologically or environmentally relevant.  

7.3.7.2 Embryogenic/teratogenic effects 
Female weanling Sprague-Dawley rats were fed manganese sulphate in the diet at 4, 24, 54, 154, 504 
and 1004 mg/kg dry diet (Järvinen & Ahlström, 1975). After 8 weeks they were mated with males of 
the same strain and after 21 days the animals and fetuses were killed and examined. No gross 
malformation, bone structure abnormality or altered fetal weight was observed. A clear increase in 
fetal manganese concentration could only be seen in the highest dose (1004 mg/kg). There was no 
maternal toxicity. 

In a full study, Treinen et al. (1995) looked at the toxicity of mangafodipir trisodium (MnDPDP) and 
manganese chloride after treatment of pregnant Sprague-Dawley rats from day 6–17 of gestation. 
MnDPDP trisodium is a manganese chelater being developed as a contrast agent for MRI of the biliary 
system. The rats were injected daily intravenously with MnDPDP (0, 2, 5 or 20 µg/kg bw) or 
manganese chloride (0, 5, 20 and 40 µg/kg bw). Observed abnormalities were similar for both 
compounds suggesting that manganese was the responsible agent. No maternal toxicity was observed. 
With MnDPDP treatment, there was a decrease in fetal body weight and decreased limb flexure at the 
upper two doses but no effect on pregnancy rates, number of corpora luteum, implantation sites or 
resorptions. However, there were significant increases in skeletal malformations, wavy ribs and 
reduced ossification. In a segmental teratological study with MnDPDP, there was a significant dose-
dependent increase in skeletal abnormalities with the highest incidence occurring in fetuses from 
females dosed at days 15–17 of gestation. However, the relevance of the intravenous route in this type 
of study has been questioned before. This observation appears to have been confirmed in a short report 
by Grant and Hustvedt (1998), where a group of pregnant female rats were treated with manganese 
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chloride either intravenously (6, 30 µmol/kg bw) or by oral gavage (400 µmol/kg bw) daily from day 
6–17 of gestation and the fetuses were examined at day 20. The offspring of females treated 
intravenously showed skeletal malformations similar to those described above while there were no 
abnormalities seen in the oral gavage groups. It was suggested that much less of the manganese is 
taken up by the oral route. 

In a small study Tsuchiya et al. (1987) gave a combination of six heavy metals (2.5 mg/kg bw of lead, 
cadmium, copper, zinc, iron and manganese) administered intraperitoneally to Wistar rats (only 
2 groups of 5). There was no maternal toxicity and a 50% depression in fetal body weight was the only 
change observed. 

In a study on maternal and developmental toxicity in Swiss mice, pregnant females were treated from 
days 6–15 of gestation with doses of 0, 2, 4, 8 and 16 mg MnCl2/kg bw/day subcutaneously and ten 
were killed at day 18 and the fetuses examined. Maternal toxicity consisting of decreased body weight 
gain and food consumption was observed at 8 and 16 mg/kg bw/day. There were no treatment related 
effects on the number of implants, early resorptions, dead fetuses or sex ratios but an increase in late 
resorptions at 4, 8 and 16 mg/kg bw/day. There was also some fetotoxicity consisting of reduced fetal 
weight and skeletal abnormalities (such as reduced ossification and wavy ribs) seen at 8 and 16 mg/kg 
bw/day (Sanchez et al., 1993). The NOAEL for maternal toxicity was 4 mg/kg bw/day and the 
NOAEL for embryo/fetal toxicity was 2 mg/kg bw/day. 

Elbetieha et al. (2001) gave male and female Swiss mice manganese chloride in drinking water for 
12 weeks to give the following doses: males, 0, 108, 172, 352 and 707 mg/kg bw/day; females, 0, 100, 
188, 359 and 635 mg/kg bw/day. The groups were then tested for fertility. Fertility was significantly 
reduced in male mice exposed to the highest dose of 707 mg/kg/day but there were no effects on the 
number of implantation sites, viable fetuses or resorptions in female rats impregnated by treated males. 
In treated females there was no effect on resorption but the number of implantations and viable fetuses 
was reduced at the highest dose of 635 mg/kg bw/day. Absolute body weight was not affected in 
females but ovarian weight was increased at manganese chloride doses of 359 and 635 mg/kg bw/day 
and increased uterine weight was observed at all concentrations. 

In a study recorded in a brief report, Colomina et al. (1996) gave a single subcutaneous dose of 50 mg 
manganese chloride/kg bw on day 9, 10, 11 or 12 of gestation; mice and dams were killed on day 18. 
Embryotoxicity (increased numbers of late resorptions and postimplantation losses) and fetotoxicity 
(reduced fetal body weight and increased incidence of skeletal defects) were seen particularly in mice 
dosed at day 9 and 10. There was no recording of maternal toxicity. 

In a study by Webster and Valois (1987) pregnant female mice were treated with a single 
intraperitoneal injection of 12.5, 25 or 50 mg manganese sulphate on day 8, 9 or 10 of pregnancy. On 
day 8, the highest dose was embryolethal and the other doses induced a low incidence of neural tube 
defects in the surviving fetuses. The 25 mg dose caused maternal toxicity, coinciding with peak blood 
concentrations of 1000 ng/mℓ for 30 minutes. Blood levels exceeded 100 ng/mℓ for 24 hours. When 
manganese was incubated with rat embryos for 48 hours, 25 and 50 ng/mℓ had no effect while there 
was no survival at 100 ng/mℓ. They also looked at postnatal brain manganese after a single dose of 
54Mn and found that manganese entered the fetal and neonatal brain more easily than the adult brain. 

Torrente et al. (2000) studied the maternal and embryo/fetal toxicity in Swiss mice of manganese 
given alone and together with hydrocortisone, given as a substitute for a potential ‘stressor.’ 
Manganese chloride was given subcutaneously to pregnant females from days 6–18 of gestation at 
doses of 0, 1, 2 and 4 mg/kg bw/day, in the presence or absence of hydrocortisone (5 mg/kg bw/day). 
Caesarean sections were performed at day 18 and all live fetuses were examined for malformations. 
There was maternal toxicity (decreased body weight gain, body weight at termination, gravid uterine 
weight) at 4 mg Mn/kg bw/day both with and without hydrocortisone. There were increased numbers 
of resorptions at the highest dose of manganese and no live fetuses were found with 4 mg/kg bw/day 
manganese together with hydrocortisone. Delayed bone ossification was also seen in the highest 
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manganese concentration group. In a further study on Swiss mice, using maternal restraint as a 
‘stressor’ (2 hours/day) together with manganese chloride from gestation days 6–18, Torrente et al. 
(2002) observed a significant increase in perinatal deaths at 2 mg/kg bw/day with the restraint having 
no effect. There were also some transient developmental changes (see Section 7.3.7.3) but maternal 
toxicity was observed. 

In a study assessing the effects of heavy metals on chick teratogenicity, manganese chloride was 
injected into the egg air sac on day 2 of incubation. On day 14, the live embryos were removed and 
examined for gross malformations. The LD50 value derived from survival at 14 days was  
765 µg manganese/egg and some malformations were observed. The toxicity relationship seen 
between the metals was — cadmium > arsenic > cobalt > copper > indium > molybdenum > 
manganese > iron (Gilani & Alibhai, 1990). 

7.3.7.3 Effects on development 
Most of the studies are based on the effects of manganese on the development of the brain. 

A study by Dorman et al. (2000) evaluated the sensitivity of the neonate to manganese-induced 
toxicity compared with adults, using the CD rat. Oral doses of manganese chloride (0, 25 or 50 mg/kg 
bw/day) were given to neonatal rats throughout lactation from postnatal day 1 to day 21 and to adult 
rats for 21 consecutive days. Both treatment groups were assessed by a bank of behavioural tests and 
neurochemical assays. Neonates given a high-dose of manganese had reduced body weight gain and 
both dose groups showed an increased startle response on postnatal day 21 but there were no 
treatment-induced changes in other behavioural, motor activity or passive avoidance tests nor in 
neuropathology. Increased manganese levels (about 2-fold) in striatum, hippocampus, hindbrain and 
cortex were observed in all manganese-exposed neonates on postnatal day 21 and also in the 
hypothalamus and cerebellum of high dose neonates. Increased striatal cerebellar and brain residue 
manganese was seen in the high-dose adult rats. Striatal dopamine and 3,4-dihydroxyphenylacetic acid 
levels were increased in neonates from the high-dose group. As manganese accumulated in the brain 
of neonates the authors came to the conclusion that they may be at greater risk from high-dose oral 
manganese-induced neurotoxicity than adults, although the neurobehavioural effects seen in the 
neonates were minor.  

In a further study using the same treatment regime, Weber et al. (2002) found increased cerebellar 
manganese concentrations in both treatment groups and increased cortex levels in the higher-dose 
group. High-dose manganese exposure increased total cerebrocortical reduced-glutathione levels 
without altering other parameters such as glutamine synthetase and metallothionein. The authors 
concluded that high dose manganese was unlikely to be associated with oxidative stress. 

Torrente et al. (2002) treated Swiss mice with manganese chloride (1 or 2 mg/kg bw/day, 
subcutaneously) from gestation days 6–18, together with maternal restraint as a ‘stressor’  
(2 hours/day). There was no observed maternal toxicity. There were some slight delays observed with 
eye opening and in sexual maturation in males. In a series of locomotor tests, negative geotaxis, test of 
motor co-ordination (rotarod) and forelimb grip strength, the only effect was on negative geotaxis at 
postnatal day 10 and 12 in females treated with the lower dose. There were no effects seen in adult 
offspring. 

Brain levels of manganese and magnesium were measured after chronic treatment of Wistar rats with 
manganese chloride in drinking water (10 mg/mℓ) started during mating and continued until postnatal 
day 5, 10, 22 and 120. There was regional variation in the accumulation of manganese in the brain 
during early development, with least in the cerebral cortex (0.85 µg/g wet weight) and most in the 
striatum (12.05 µg/g wet weight). Manganese treatment led to increased levels of 2- to 5-fold, at 
5 days, in most regions of the brain, except the striatum and the cerebellum. After the weanling stage 
the maturing brain develops the blood–brain barrier and the accumulation of manganese in the brain 
decreases although there were still 2-fold increases in the treated animals (Chan et al., 1992). 
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Sprague-Dawley rats were exposed to 150 mg MnCl2/kg bw/day by gastric intubation during postnatal 
development to 44 days of age (Kristensson et al., 1986). The rats showed a transient rigid and 
unsteady gait at 15–22 days but there were no signs of structural damage or maturational disturbances. 
At 15 days there were no changes in the levels of monoamines and their metabolites except for a 
decrease in homovanillic acid. The brain manganese concentrations at this time were 20 to 40 times 
those of the controls. At 44 days there were no changes evident and the levels of manganese in the 
brain had dropped about 10-fold and were now 3 times that of the controls. 

A study on Long Evans rats exposed to 25 or 50 mg manganese chloride/kg bw/day by intubation, 
through weaning to 21 days, gave similar results, with the hypothalamus and striatum having the 
highest levels of manganese with 5- to 10-fold increases (striatum: control, approximately 0.5 µg/g 
wet weight and high-dose-treated, 5; hypothalamus: control, 0.8 µg/g wet weight and treated, 5.6) and 
no increases in the levels of monoamines and their metabolites (Kontur & Fechter, 1988). There was 
also an increase in locomotor activity during development, peaking at 15–18 days, but no difference 
was observed between treated and control groups (Kontur & Fechter, 1982). In a further study, 
neonate rats, exposed prenatally to manganese chloride (dams fed 5–20 mg/mℓ drinking water), 
showed no difference from control animals in an acoustic startle response, tested from postnatal day 
13–24 (Kontur & Fechter, 1985). Unlike the conclusions of Dorman et al. (2000), the authors of these 
studies suggest that increases in brain manganese levels do not necessarily result in alterations in 
steady state neurotransmitter and metabolite levels and that the developing nervous system may be 
able to compensate for neurochemical changes caused by manganese exposure (Kontur & Fechter, 
1988). 

Suckling Albino rats were exposed for 15 or 30 days to manganese via the milk of nursing dams given 
an oral dose of 15 mg manganese chloride/kg bw/day (Seth et al., 1977). The neonates showed a 
threefold increase in brain manganese concentration after 30 days while the nursing dams had only a 
56% increase. The neonates showed no difference in growth rate, developmental landmarks (eye 
opening and body hair) or walking movements. This study did, however, show some small differences 
in brain enzyme levels with decreases in succinic dehydrogenase (40%), ATPase (42%) and adenosine 
deaminase (24%) and increases in acetylcholinesterase (28%) and monoamine oxidase (27%). 

Lai et al. (1991) investigated the effects of manganese chloride (1 and 10 mg/mℓ drinking water) on 
brain ATPases from conception to days 5, 12, 20, 30 and 60 in Wistar rats. Most brain areas showed a 
dose-dependent increase in manganese concentration of 2- to 3-fold. Both Na, K-ATPase and  
Mg-ATPase doubled in activity between postnatal day 5 and 20 but, unlike the Seth et al. (1977) study 
outlined above, there were only small transient increases in the manganese treated animals. 

Rehnberg et al. (1980) investigated the accumulation of manganese in the body of preweaning Long-
Evans rats treated daily with particulate manganese (II,III) oxide (Mn3O4; 21, 71 or 214 mg/kg bw) by 
intubation on postnatal day 1–20. There were decreases in body weight (by postnatal day 3) and in 
liver and brain weights and an increase in kidney weight at postnatal day 18 and 21. There was 
substantial accumulation  of manganese in these organs plus the testes (between 3- to 50-times that of 
the controls, with most in the liver and least in the testes). These levels peaked at postnatal day 18 and 
decreased slightly by postnatal day 21 and coincided with a decrease in absorption of manganese in 
the intestine.  

The only developmental experiment with inhalation exposure has been carried out by Lown et al. 
(1984). Swiss female mice were exposed to manganese oxide dust (12 weeks at 50 mg/m3, then 
85 mg/m3 for 7 hours/day, 5 days/week) or filtered air from the age of one month for 16 weeks and 
then mated with untreated males. On day 1 of gestation the groups were divided and exposed to either 
filtered air or manganese oxide thus giving four groups. After birth, the groups were cross-fostered 
with previously exposed and non-exposed dams thus giving eight groups. The offspring underwent a 
battery of behavioural tests. Dams expose to manganese, pre-conception, produced larger litters and 
the offspring had lower postnatal day 7 growth rates and higher postnatal day 12 activity. Prenatal 
exposure resulted in reduced neonatal activity scores, which were even more significant if the 
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neonates were exposed to manganese via lactation, and growth retardation, which persisted into 
adulthood. Sexually mature offspring exposed in utero and via lactation had depressed rearing 
frequency and exploratory behaviour. Manganese exposure via the mother also resulted in lower 
cerebral manganese levels than no exposure at all. Maternal toxicity from this exposure to manganese 
was not described. 

In a study by Pappas et al. (1997), Sprague-Dawley rats were given manganese chloride (0, 2 or 
10 mg/mℓ) in their drinking water, from conception until postnatal day 30. There was no difference in 
litter size. The rats exposed to the highest concentration showed a 2.5-fold increase in cortical 
manganese levels and this group also showed a decreased weight gain from postnatal day 9–24 and 
were hyperactive at postnatal day 17. The exposed groups were no different from controls in other 
behavioural tests, in elevated plus apparatus or on the Morris water maze and the radial arm maze. 
Brain monoamine and acetylcholinesterase levels were unchanged, the dopamine cells of the 
substantia nigra were intact and glial fibrillary acidic protein was not increased in the cortex, caudate 
or hippocampus. However, both exposed groups showed thinning of the cerebral cortex. This could be 
due to perinatal malnutrition or a direct effect of manganese on cortical development although this was 
seen in the lower dose group where the level of manganese in the cortex was only 35% higher than in 
the controls. 

A recent paper by Zhang et al. (2002) showed the induction of the heat shock protein, HSP70, but not 
superoxide dismutase in the brain and liver of new-born Wistar rats after treatment of pregnant 
females with manganese chloride (7.7, 15 or 30 mg/kg bw/day, intraperitoneally) for two weeks prior 
to and one week after birth. This protein is has been shown to be produced in response to thermal and 
toxic stress and was accompanied by reduced fetal quality and viability index. Its significance in the 
developmental toxicity of manganese remains to be clarified. 

7.3.7.4 Synopsis on experimental studies on reproductive toxicity 
Studies are summarised in Tables 7.16 to 7.18. A number of studies in rats, mice and rabbits 
suggest that manganese has an adverse effect on male reproductive organs and fertility. 
However, the results from the best reported study, that of a 2-year study in rats and mice, 
indicated no change in testes weight or in the seminiferous tubules on exposure to manganese 
sulphate at concentrations up to 15 000 ppm. 

There are a number of studies where embryo/fetal toxicity has been described, including an 
increase in resorption and skeletal malformations. However, where reported, these appeared to 
be mainly with doses that caused maternal toxicity. This observation together with the fact that 
many of these studies were with intravenous, subcutaneous or intraperitoneal routes, which may 
not be relevant means of exposure, suggests that the evidence from animal studies that 
manganese is an embryo/fetal toxin is not strong. 

With regard to developmental toxicity, accumulation of manganese in neonates is greater than in 
adults and there is evidence for substantial accumulation in the brain. However, there is not 
strong evidence for major changes in brain chemistry, and any changes in catecholamines and 
monoamines and their metabolism appear to be only transient. Although this is not entirely 
clear at present, the lack of persistent neurochemical change in the face of large increases in 
brain manganese, suggests a degree of resistance in the developing brain, although the more 
subtle behavioural tests show persistent toxicity in some studies. 
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Table 7.16 Summary of the effects of manganese on adult reproductive system 

Species Dose/Duration Main effects Reference 

Rat 8 mg/kg/d MnCl2 ip, 30, 60 days 4–9 × Incr in testes Mn, Incr in amino acid concentrations Kar et al. (1972) 
Rat 350–3050 ppm Mn3O4 day 1–224, Fe Decr fertility, slight Decr testes weight, sperm count, FSH, testosterone Laskey et al. (1982) 
Rat 71, 214 mg/kg/day Mn3O4, PND 0–21 NC in testes weight, LH, FSH, Decr serum testosterone after hCG Laskey et al. (1985) 
Rat 1000 ppm MnSO4 in H2O, 12 weeks Decr aggression, Incr time to ejaculation, NC fertility, Incr resorptions Bataineh et al. (1998) 
Mouse 1050 ppm Mn3O4, 58, 73, 90 days Decr testes, seminal vesicles, perputial gland weight, Decr activity, 73 days Gray and Laskey (1980) 
Mouse 102–625 mg/kg MnSO4, Incr sperm head abnormalities Joardar and Sharma  
 65–380 mg/kg KMnO4  (1990) 
Mouse 1000–8000 mg/ℓ MnCl2 in H2O,  

12 weeks 
Decr male fertility at highest dose, NC other parameters Elbetieha et al. (2001) 

Rabbit 250 mg/kg MnO2 single 4 Months — 30% degeneration seminiferous tubules, 8 months — more disruption 
 it injection Decr testes acid phosphatase, ATPase, SDH 

Chandra et al. (1973b) 

Rabbit 3.5 mg/kg/day, MnCl2 iv, 5–30 day Degeneration in seminiferous tubules from day 5 
  Decr SDH, glucose-6-phosphate dehydrogenase 

Imam and Chandra (1975) 

In vitro 500 ppm MnNO3 Inhibition of sperm motility Huang et al. (2001) 
ATPase, adenosine triphosphate; Decr, decreased relative to controls; Fe, iron; FSH, follicle stimulating hormone; hCG, human chorionic gonadotropin; Incr, increased relative to controls; ip, intraperitoneal;  
it, intracheal; iv, intravenous; LH, luteinising hormone; NC, no change; PND, postnatal day; SDH, succinic dehydrogenase 
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Table7.17 Summary of embryogenic/teratogenic effects of manganese 

Species Dose/Duration Main effects Reference 

Rats 4–1004 mg/kg MnSO4 in diet, 8 weeks  
 

No gross malformations, bone abnormalities, altered fetal weight, Incr fetal 
Mn at 1004 mg/kg, no maternal toxicity 

Järvinen and Ahlström 
(1975) 

Rats 2–20 µg/kg/d MnDPDP, 5–40 µg/kg/d MnCl2, iv, day 6–18 
gestation 

Decr fetal body weight, Incr skeletal malformations, wavy ribs, Decr 
ossification, NC pregnancy rates, number of corpora luteum, implantation 
sites or resorptions, no maternal toxicity 

Treinen et al. (1995) 

Rats 6, 30 µmol/kg/day MnCl2, iv; 400 µmol/kg/day MnCl2, oral 
gavage, day 6–17 gestation 

Skeletal malformations, wavy ribs, Decr ossification, iv, no abnormalities 
with oral gavage 

Grant and Hustvedt 
(1998) 

Rats 2.5 mg/kg 6 heavy metals including Mn 50% reduction in fetal body weight, no maternal toxicity Tsuchiya et al. (1987); 
Sanchez et al. (1993)  

Mouse 2–16 mg/kg/day MnCl2, sc, day 6–15 gestation Reduced fetal weight and skeletal malformations, wavy ribs and Decr 
ossification at higher doses, no other effects, some maternal toxicity at higher 
doses 

Sanchez et al. (1993) 

Mouse 100–707 mg/kg/day MnCl2 in H2O, male and female Decr fertility in males at highest dose, Decr implantations and viable fetuses 
in females at highest dose, some maternal toxicity at higher two doses 

Elbetieha et al. (2001) 

Mouse 50 mg/kg MnCl2, sc, days 9, 10, 11 or 12 gestation, killed 
day 18 

Incr late resorption, postimplantation losses, Decr fetal weight and skeletal 
defects dosed on days 9 and 10, no record of maternal toxicity 

Colomina et al. (1996) 

Mouse 12.5–50 mg MnSO4, days 8, 9 or 10 gestation Day 8 highest dose embryolethal and lower doses neural tube defects, 
maternal toxicity at 25 mg dose 

Webster and Valois 
(1987) 

Mouse 1–4 mg/kg/day MnCl2, with hydrocortisone (5 mg/kg/day), 
days 6–18 gestation 

Incr resorption and no live fetuses and Decr ossification at the highest dose, 
maternal toxicity at highest dose 

Torrente et al. (2000) 

Mouse 1–4 mg/kg/day MnCl2, with maternal restraint (2h/day), 
days 6–18 gestation 

Incr perinatal deaths and some transient developmental changes, no maternal 
toxicity 

Torrente et al. (2002) 

Chicken Range of concentrations of heavy metals including MnCl2 
injected into egg air sac on day 2 of incubation, live 
embryos examined at day 14 

LD50 for Mn, 765 µg/egg Gilani and Alibhai 
(1990) 

Decr, decreased relative to controls; Incr, increased relative to controls; iv, intravenous; NC, no change; sc, subcutaneous 
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Table7.18 Summary of the developmental effects of manganese 

Species Dose/Duration Main effects Reference 

Rat  25 or 50 mg/kg/day oral MnCl2 to 
neonates PND 1 to 21 and adults for 
21 days 

Neonates had reduced body weight gain (high dose) and Incr 
startle response (both doses), Incr brain Mn levels, Incr brain 
Mn levels in adults 

Dorman et al. (2000) 

Rat 25 or 50 mg/kg/day oral MnCl2 to 
neonates PND 1 to 21 and adults for 
21 days 

Incr brain Mn levels, striatal DA and DOPAC levels Weber et al. (2002) 

Rat 10 mg/ml MnCl2 in H2O from mating 
until PND 120 

Incr brain Mn 2–5-fold at day 5 then Decr to 2-fold in brain of 
mature animals 

Chan et al. (1992) 

Rat 150 mg/kg/d MnCl2 gastric intubation 
to PND 44 

Transient rigid, unsteady gait, 15–22 days, at day 15 no sign of 
maturational/structural damage to brain, NC in brain 
monoamines, brain Mn Incr 20–40-fold, at 44 days, brain Mn 
Incr only 3-fold over controls 

Kristensson et al. (1986) 

Rat 5–20 mg/ml MnCl2 in H2O to dams, 
neonates exposed prenatally 

Decr litter size, Incr Mn in forebrain, NC DA, noradrenaline 
turnover, NC acoustic startle response, PND 13–24, slight 
maternal toxicity, Decr weight gain 

Kontur and Fechter (1988) 

Rat 25 or 50 mg/kg/day MnCl2 intubation 
to PND 21 

Incr brain Mn, NC brain monoamines, Incr locomotor activity 
PND 15–18 in treated and controls 

Kontur and Fechter (1988) 

Rat Sucklings via milk from dams, MnCl2 
oral dose 15 mg/kg/day for 15 or  
30 day 

3-Fold Incr brain Mn 30 day (nursing dams only Incr 56%), NC 
in developmental characteristics, Decr SDH, ATPase, 
adenosine deaminase, Incr acetylcholinesterase, MAO 

Seth et al. (1977) 

Rat 1 or 10 mg MnCl2/ml H2O to PND 60 2–3-Fold Incr brain Mn, Na, K-ATPase, Mg-ATPase Incr  
2-fold PND 5–20 only small transient Incr with Mn treatment 

Lai et al. (1991) 

Rat 21, 71 or 214 mg Mn3O4/kg/day 
intubation PND 1–20 

Decr body, liver, brain weight, Incr kidney weight by PND 18–21, 
Incr Mn levels in these organs and testes (3–50-fold controls) 

Rehnberg et al. (1980) 

Rat 2 or 10 mg/ml MnCl2 in H2O from 
PND 1–30 

NC litter size, highest dose Incr cortical Mn (2.5-fold), Decr 
weight gain PND 9–24 and hyperactive PND 17, NC in other 
behavioural tests, brain amine levels, thinning of cerebral 
cortex 

Pappas et al. (1997) 

Rat  7.7, 15, 30 mg MnCl2/kg/day dams  
2 weeks prior and 1 week post birth 

Induction of HSP70 but not SOD in brain and liver Zhang et al. (2002) 
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Species Dose/Duration Main effects Reference 

Mouse Dams and offspring exposed to MnO2 
dust by inhalation 

Dams exposed to Mn had larger litters and offspring had Decr 
PND 7 growth rates and Incr PND 12 activity, prenatal 
exposure resulted in Decr neonatal activity and Decr growth 
persisting into adulthood, maternal toxicity was not described 

Lown et al. (1984) 

Mouse 1or 2 mg/kg/day MnCl2 with maternal 
restraint (2h/d), days 6–18 gestation 

Slight delay in eye opening and sexual maturation in males, 
behavioural tests negative in adult offspring, only negative 
geotaxis at PND 10 and 12 in females at lower dose, no 
maternal toxicity  

Torrente et al. (2002) 

ATPase, adenosine triphosphate; DA, dopamine; Decr, decreased relative to controls; HSP, heat-shock protein; Incr, increased relative to controls;  
MAO, monamine oxidase; NC, no change; PND, postnatal day; SDH, succinic dehydrogenase; SOD, superoxide dismutase 
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8 Knowledge Gaps 

8.1 Air monitoring 
Although ratios have been proposed for extrapolating exposure between various particle types (total, 
inhalable and respirable), further studies are needed to confirm these data and to determine the 
influence of various industrial sectors and processes on these ratios and the levels of exposure. 

8.2 Development of biomarkers  
There is a clear lack of correlation between exposure as estimated by atmospheric measurement and 
quantitation through various biometrics such as blood and urine. There appears to be little prospect of 
a suitable biomatrix of exposure being developed in the short term. 

There is a need for new easy-to-perform biomarkers relating to the neurological effects of manganese. 
Continued basic research on mechanisms of action of manganese in the brain, such as mitochondrial 
oxidative stress and possible roles for apoptosis and excitotoxicity, may inform suitable biomarkers. 
In addition, further studies on the accumulation of manganese in various regions of the brain may be 
helpful. In particular, improvements in the quantification of magnetic resonance imaging scans may 
allow correlation of brain region accumulation of manganese with neurological effects. These 
techniques could be used to study further the control of transport into the brain and firmly establish if 
absorption through the nasal bulb is of significance in humans. 

8.3 Neurobehavioural testing 
Together with the work outlined above, it would be useful to define and standardise an appropriate 
suite of neurobehavioural tests for the assessment of the various stages of neurological toxicity in 
humans. There is a need for well designed neurobehavioural epidemiological studies with very clearly 
defined exposure/uptake characterisation, and longitudinal investigations are more likely to be 
informative than further cross-sectional studies. Work should also be undertaken to establish a 
correlation between such tests and the accumulation of manganese in brain regions in humans, which 
together with further mechanistic research, would identify which tests are most useful in predicting 
the effects of manganese. As with all neurobehavioural studies, including those examining the effects 
of manganese, there is a continuing need to understand better the relationships, if any, of these subtle 
cognitive neurobehavioural changes, which are of a subclinical nature, with eventual clinical disease. 

8.4 Immune system and infectivity  
Only limited data are available on exposure to manganese and human and animal sensitisation or 
human immunotoxicity. This is surprising for a chemical to which so many workers are 
occupationally exposed. 

Animal data suggest that manganese exposure may adversely affect the response to infective 
challenge. Potentially, this could be important in the case of infectious diseases. Further work on the 
immune system and response to infection in exposed workers would clarify the significance of this 
potential adverse effect. 
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8.5 Cardiovascular system 
The potential effects of manganese on the cardiovascular system remain to be elucidated. However, 
evidence to date suggests that they are unlikely to be key low level effects, and with improved work 
conditions and exposure limits, any cardiovascular toxicity would be considered unlikely. 
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9 Vulnerability 

9.1 Iron status  
The apparent wide variations in manganese uptake and in susceptibility to manganese are likely to be 
due to an interaction with iron metabolism. Individuals who take up an increased amount of iron from 
the gut will also take up increased amounts of manganese. As an example, anaemic subjects may take 
up from the gut twice as much manganese as those who are not anaemic (Mena et al., 1974). This 
observation is supported by experiments that have demonstrated that the binding capacity of the 
plasma of iron-deficient rats is more than double that of healthy controls. In addition, increased 
transport capacity across the blood–brain barrier is a possible explanation for the very much higher 
levels of manganese measured in the brains of anaemic rats. This increased transport capacity may be 
due to the decreased competition for transferrin, which appears to be a pathway by which manganese 
crosses the blood–brain barrier (Verity, 1999). Thus individuals who are iron deficient may be at 
greater risk. This could be particularly pertinent to women who are more likely to be iron deficient. 

9.2 Liver disease 
As the main route of excretion is via the liver, it might be anticipated that liver disease could have an 
effect on body manganese levels, and there is some evidence for this. A report from WHO (1981) 
commented that serum manganese levels were increased in the active phase of hepatitis. A toxicity 
study using bile duct ligated cirrhotic rats did not show any marked difference in serum chemistry but 
there was increased accumulation of manganese in the brain and dopamine metabolism was affected 
(Montes et al., 2001). It should also be noted that alcohol, along with other agents such as caffeine 
and nicotine, can interact with the dopaminergic system. Also co-treatment of manganese with the 
liver toxin, carbon tetrachloride, did lead to more liver damage than was associated with either 
chemical alone (Chandra & Saxena, 1975). However, the strength of any increased susceptibility in 
individuals with impaired liver function is far from certain and the subject is not considered further in 
this document.  

9.3 Alcohol  
There is some evidence, in rats, that there is increased uptake of manganese from the gastrointestinal 
tract in the presence of alcohol (Schafer et al., 1974). Further analysis by Sassine et al. (2002) of the 
human study of Mergler et al. (1994) suggests that manganese exposure may have greater 
neurobehavioural effects in heavy drinkers. The extent or significance of such an effect is currently 
uncertain. It is also unclear if such changes relate to an increase in manganese uptake or to 
impairment of liver function. Overall, moderate alcohol intake is not considered to cause any 
identifiable vulnerability. 

9.4 Pre-parkinsonism 
Witholt et al. (2000) chemically induced a pre-parkinsonian state in rats and found that subsequent 
manganese treatment led to a significant impairment of neurobehavioural function. Although clinical 
symptoms of Parkinson’s disease are not usually detectable until more than 80% of dopaminergic 
neurons are damaged, it is possible that a subpopulation of humans with subclinical pre-parkinsonism 
may exist who might be expected to have greater vulnerability to neurotoxic insult. 
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9.5 Age and gender 
At present, it is unclear if there are age-related differences in response to manganese. Studies on 
developmental toxicity in rodents have shown a greater accumulation of manganese in neonates than 
adults, and there is evidence that substantial accumulation may occur in the brain of neonates (Kontur 
& Fechter, 1988; Dorman et al., 2000). However, there is no strong evidence for major changes in 
brain chemistry or any changes in catecholamines and monoamines, and disturbance of metabolism 
appears only transient (Pappas et al., 1997). Although not entirely clear at present, the lack of 
persistent neurochemical change in the presence of large increases in brain manganese suggests a 
degree of resistance in the developing brain, although more subtle behavioural tests suggest persistent 
toxicity in some studies (Lown et al., 1984). There have also been reports of high brain concentrations 
in normal human neonates from birth to age 6 weeks (Schroeder et al., 1966; Krachler et al., 1999a).  
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10 Existing Occupational Exposure Limits  
The occupational exposure limits (OELs) for manganese and its inorganic compounds (measured as 
manganese) are the subject of ongoing debate within a number of regulatory bodies. Table 10.1 
summarises the current status of the OELs published by some national bodies. In 1995, the American 
Conference of Governmental Industrial Hygienists (ACGIH) changed the individual threshold limit 
values (TLVs) for inorganic compounds to a single time-weighted average value (TLV-TWA) of 
0.2 mg/m3 for dust and fume. This decision was based on concerns about the effects of manganese on 
the lungs, and central nervous system and on male fertility, and on the fact that an exposure 
concentration at which early effects will not occur could not be identified. A further change in the 
ACGIH TLV-TWA is currently under discussion.  

The change in position of the ACGIH in 1995 raised concern within UK regulatory authorities about 
the appropriateness of the individual occupational exposure standards for inorganic forms of 
manganese. The UK Working Group on the Assessment of Toxic Chemicals (WATCH) concluded 
that an occupational exposure level that was both safe and practicable could not be identified and that 
the current occupational exposure standards, which are based on the earlier 1980 ACGIH list of 
TLVs, were not sustainable. Consequently WATCH recommended that a single maximum exposure 
limit should be set to cover all forms of manganese and its inorganic compounds, including fume, and 
the Health and Safety Commission have endorsed a value of 0.5 mg/m3 (8-hour TWA; HSE, 2003). 

Table 10.1 Occupational exposure limits (OEL) for manganese and its compounds 

Organisation Type of limit Level Substance 

UK HSE MEL 0.5 mg/m3 8-hour TWA Mn and its organic compounds 
NIOSH REL 1 mg/m3 10-hour TWA Mn compounds and fume 
NIOSH STEL 3 mg/m3 15-minute average Mn compounds and fume 
OSHA PEL 5 mg/m3 (ceiling) 8-hour TWA Mn compounds and fume 
ACGIH TLV 0.2 mg/m3 TWA Mn and its inorganic compounds (dust and fume) 
Germany MAK 0.5 mg/m3 Mn and its inorganic compounds (inhalable) 

ACGIH, American Conference of Governmental Industrial Hygienists; HSE, Health and Safety Executive; MAK, Maximum workplace 
concentration; MEL, Maximum exposure limit; Mn, manganese; NIOSH, National Institute for Occupational Safety and Health; OSHA, 
Occupational Safety and Health Administration; OES, Occupational exposure standard; PEL, Permissible exposure limit; REL, 
Recommended exposure limit; STEL, Short-term limit; TLV, Threshold limit value; TWA, time-weighted average  

The German maximum workplace concentration (MAK) value was set using human data. The lowest 
average concentration that caused slight neurotoxic symptoms was about 0.25 mg/m3 (Iregren, 1990; 
Wennberg et al., 1991, 1992; Roels et al., 1992; Lauwerys et al., 1992; Mergler et al., 1994). These 
effects were weak, were not dose dependent and did not develop in all exposed individuals. However, 
the sampling technique employed in Germany underestimated concentrations by a factor of two 
compared with those in the USA and Sweden. Therefore, the lowest average concentration was 
equivalent to 0.5 mg/m3 and the MAK value was established at 0.5 mg/m3 in total dust (Greim, 1999).  

The World Health Organization (WHO) concluded that, on the basis of the available data, it appears 
that adverse effects on the central nervous system occur in some workers at manganese levels of  
2–5 mg/m3 of air. In addition, non-specific signs and symptoms, indicative of early stage manganism, 
have been observed in a number of workers who have been exposed to manganese concentrations of 
about 0.5 mg/m3 in air. Adverse effects on the lungs have not been observed at manganese 
concentrations below 0.3–0.5 mg/m3 of air. WHO recommended an OEL of 0.3 mg/m3 for respirable 
manganese particles. However, this was a tentative limit, in view of the lack of precise information 
about exposure–effect relationships (WHO, 1980).  
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11 Summary, Evaluation and 
Recommendations 

11.1 Summary 
11.1.1 Exposure 
Identification, occurrence and use 
Manganese (Mn) is a Group VIIb transition metal, which exists in several oxidation states (II, III, IV, 
VI and VII) and forms a range of inorganic and organometallic compounds. This assessment 
considers only the inorganic forms of the metal.  

Manganese occurs naturally, most commonly as oxides and as sulphide, carbonate and silicate. It 
occurs in most iron ores. Most manganese (II) compounds are water-soluble. Manganese is used in the 
production of ferrous and non-ferrous metal alloys, including those essential to steel making. Iron and 
steel production account for 85–95% of the manganese market. 

Manganese is an essential element; it is involved in bone formation and amino acid, cholesterol and 
carbohydrate metabolism; it is a component of several enzymes and activates others (IoM, 2002). For 
healthy adults, estimated acceptable or adequate dietary intakes range from 1–12.2 mg manganese/day 
(SCF, 1993; IoM, 2002; EVM, 2003). 

Occupational levels 
Occupational exposure to manganese (described in Section 6) varies widely across different industrial 
sectors, over time, with geographic location and according to the level of dust control applied  
(Table 11.1). 

Comparing exposure metrics  

The interpretation or comparison of findings from exposure studies has to take into account the 
different methods used to measure manganese levels, the different metrics used to express exposure 
— inhalable, respirable and total — and the varying relationships between the different metrics. The 
ratio of the inhalable fraction, which is collected by more recent personal samplers (such as the IOM 
inhalable sampler), to the total dust fraction, which is collected from personal samplers more 
commonly used to date (such as the Millipore 37 mm cassette sampler), varies across industrial 
process, from 2.5:1 in handling and transportation to 1.5:1 in hot processes to 1:1 in welding (see 
Section 5.1). Evidence collected for manganese shows similar variability but it is less clearly 
differentiated (Section 6.1.2.10). Overall an inhalable:total ratio of 1.2–3.2:1 is suggested. 
Furthermore, the ratios between the respirable fraction and total dust and between the respirable and 
inhalable fractions also vary according to process. Even at a single site in one sector  
(e.g. Company 035; see Section 6.1.2.2) the ratio between mean respirable and mean total 
concentrations can vary by a factor of three across different processes. Individual single side-by-side 
measurements may show even greater differences. Overall a range of 0.1–0.5:1 is suggested for the 
respirable:total ratio. The only published study comparing inhalable and respirable fractions is that of 
Ellingsen et al. (2003) in alloy production, in which the respirable fraction is 0.106 of the inhalable 
(ranging from 0.074 in product handing to 0.391 in furnace room crane operators). This too is 
consistent when compared with the comparisons between total and respirable levels, given the likely 
range of the inhalable to total ratio. The application of such ratios requires an understanding of the 
process leading to the exposure, rather than just the industry sector, and needs to be made on a case-
by-case basis. 
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Table 11.1 Summary of typical occupational exposures, by sector 

Sector Comment Maximum Mean Metric Study 
   mg/m3   
      
Mining Well controlled modern –SA  0.99  0.21a total Myers et al. (2002) 
 Poorly controlled -Iran   114a total Boojar and 

Goodarzi (2002) 
    43 a respirable  
Metal/Alloy Metal -well controlled -USA  0.80  0.11 b total Gibbs et al. (1999) 
   0.23  0.036 b respirable  
 Alloy – typical - Italy  1.49  0.05 b total Lucchini et al. 

(1999) 
 Alloy – typical - Norway  27.2  0.254 b inhalable Ellingsen et al. 

(2003) 
   1.01  0.028 b respirable  
 Alloy poorly controlled  67.0  2.43 b inhalable Company 036 
Chemical Well controlled - USA  0.47  0.16 b total Kawamoto and 

Hanley (1997) 
 Typical - Belgium  8.61  0.94 b total Roels et al. (1987) 
Steel-
making 

Typical - Sweden  1.62  0.41 a total Wennberg et al. 
(1991)  

Other metal Typical - Denmark  0.064  0.039 a total Lander et al. 
(1999) 

Welding Typical - UK  1.47  0.36 a total Jarvisalo et al. 
(1992)  

 Poorly controlled -Portugal  15.0  0.3 a total Vasconcelos et al. 
(1996a) 

Battery Well controlled - Europe  0.794  0.387 a total Bader et al. (1999) 
 Typical - Europe  10.84  0.95 b total Roels et al. (1992) 
    0.22b respirable  

a arithmetic mean; b geometric mean 

Another factor to consider when interpreting and comparing studies is that although occupational 
exposure data are usually and best summarised by the geometric mean, because occupational hygiene 
measurement data often follow a log-normal distribution, the arithmetic mean is a more appropriate 
measure to sum when considering measures of cumulative exposure, for example when examining 
relationships between exposure and health. Study reports often do not include both means. 

Biomarkers of exposure  

Although attempts have been made to assess manganese exposure using biomarkers, notably 
manganese levels in blood or urine, variation is too high, even among unexposed workers, to reflect 
individual exposure accurately. Furthermore, the results of all studies evaluated generally showed 
poor correlation between blood or urine manganese and airborne levels. To date no other biomarker 
investigated has been shown to be a suitably robust tool for general application.  

11.1. 2 Health significance 
Toxicodynamic profile 
Intentional or accidental ingestion of manganese as potassium permanganate suggests that 10 g can be 
fatal in humans (Huntley, 1984). In animals, the oral LD50 of inorganic manganese compounds 
generally falls in the range 230 to 800 mg/kg/day (WHO, 1981). While no study on the acute lethality 
of manganese compounds via the inhalation route has been identified, significant, but non-lethal, 
pulmonary changes have been noted in mice exposed to manganese oxide at 0.897 mg Mn/m3. 

Manganese exposure has been associated, in some studies, with adverse respiratory and 
cardiovascular effects; however, the neurological effects of manganese are considered to be the major 
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concern for the establishment of occupational exposure limits (OELs see below). There is no strong 
evidence that manganese is an irritant except at high exposure levels and, whilst limited, available 
data do not suggest that manganese has a strong sensitising potential. Data on carcinogenicity, 
mutagenicity and genotoxicity are inconclusive and inadequate to establish a definitive position on the 
carcinogenicity of manganese. Similarly, there is little evidence for reproductive or developmental 
toxicity (see Sections 7.2 and 7.3).  

Respiratory effects 
Since the first report by Brezina in 1921, a number of studies have reported adverse respiratory 
system effects following occupational manganese exposure. Effects reported include impairment of 
pulmonary function among Asian miners (Boojar & Goodarzi, 2002), an increase in reported 
respiratory symptoms and impaired respiratory function among chemical plant workers (Roels et al., 
1987a), though with no dose–response relationship (Roels et al., 1985), and increased respiratory 
morbidity among European ferroalloy plant workers and furnace workers (EPA, 1978; Hobbesland et 
al., 1996, 1997a,b). However, for a variety of reasons, despite positive findings, some of the studies 
were unable to ascribe reliably any effects observed to manganese exposure. A study on the incidence 
of lung symptoms among Belgian battery manufacturer workers (Roels et al., 1992) failed to identify 
any pulmonary effects. Experimental studies in animals suggest that inorganic manganese compounds 
are capable of causing pulmonary effects when given by the inhalation or intratracheal route at 
sufficiently high dosages and/or for sufficiently long periods of time.  

Cardiovascular effects 
There is limited evidence that manganese may have an adverse effect on the human cardiovascular 
system (e.g. Saric & Hrustic, 1975; EPA, 1978; Hobbesland et al., 1997a) and may elicit 
haematological or biochemical changes (Roels et al., 1987a; Lucchini et al., 1997). Some of these 
effects have also been found in animal studies.  

Neurological effects 
There is a substantial literature on the effects of manganese exposure on the human nervous system. 
High exposures can result in severe neurotoxic signs and symptoms, some of which resemble those of 
idiopathic Parkinson’s disease. This syndrome, which may also include psychiatric effects, has 
become known as ‘manganism’. Overt manganism has been described in a number of early papers 
that report studies on neurological signs and symptoms in workers with relatively high long-term 
occupational exposures (Schuler et al., 1957; Mena et al., 1967; Chandra et al., 1974). The clinical 
symptoms associated with manganism, such as movement disorders and neurological dysfunction, 
have generally been reported only at exposure levels above about 5 mg/m3.  

More recently, several studies on lower occupational exposures to manganese have reported less 
severe, subtle, non-clinical neurobehavioural/neurotoxicological effects. These subtle effects are 
usually deterioration in motor function and co-ordination and, as such, may constitute manganese-
induced changes in the same area of the brain as manganism, that is the basal ganglia and, in 
particular, the globus pallidus (see below).  

Studies on the identification of subtle neurobehavioural effects and the levels at which such effects 
might occur have been summarised. Studies have been evaluated based on methodological quality 
(assessed according to European Union recommended criteria for neurobehavioural studies; 
CEC, 1997) and the quality of exposure data. Of 28 studies considered, three key studies have been 
identified as a basis for setting occupational exposure standards. These are the cross-sectional studies 
of Roels et al. (1992), Gibbs et al. (1999) and Myers et al. (2002). In addition, studies by Lucchini et 
al. (1999), Crump and Rousseau (1999) and Roels et al. (1999) provide information on the possible 
progression and reversibility of neurological effects. 
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Roels et al. (1992) identified adverse effects on reaction time, tremor and hand–eye co-ordination in 
workers exposed to manganese dioxide dust (respirable fraction 0.22 mg/m3 (GM), total dust 
0.95 mg/m3 (GM), measured by personal sampling). Given the biological plausibility of the findings 
and the good methodological quality of the study, these results appear relatively robust. In contrast, 
the studies of Gibbs et al. (1999), among manganese metal (electrolytic) production workers 
(respirable fraction 0.04 mg/m3 (GM), total manganese 0.11 mg/m3 (GM), measured by personal 
monitoring), and of Myers et al. (2002), on miners (total manganese 0.21 mg/m3 (AM), measured by 
personal sampling), also of good methodological quality, reported no effects. Some patterns in the 
data reported by Gibbs et al. were suggestive of an effect but were not statistically significant. In 
support of the findings from Roels and colleagues, Mergler et al. (1994) also found adverse motor 
effects although no effect on cognitive functioning, at low levels of exposure, among workers 
employed in ferromanganese and silicomanganese plants (respirable fraction 0.035 mg/m3 (GM), total 
dust 0.225 mg/m3 (GM), measured by static sampling). However, there are concerns about the quality 
of reporting of this study and, as only results from static sampling were reported, it has not been 
possible to estimate reliably the equivalent respirable levels that would have been found had personal 
sampling been used; therefore, less weight can be given to this study. 

Lucchini et al. (1999) confirmed motor function changes identified in a group of ferroalloy workers 
examined in an earlier study (Lucchini et al., 1995) but found no evidence of progressive deterioration 
in these workers, whose exposure to manganese had been reduced in the interim period. Similarly 
Crump and Rousseau (1999) followed up chemical production workers, originally studied by Roels et 
al. (1987), and found little or no evidence of progression of neurobehavioural effects. Alongside this, 
Roels et al. (1999) found only some limited evidence for the reversibility of adverse effects identified 
in battery workers who were re-tested following an 8-year period during which exposure had been 
reduced.  

Although there is considerable evidence for clinical and subclinical neurotoxic effects of manganese, 
much less is known about the processes by which manganese passes into and moves within the central 
nervous system. Most work in experimental animals has focused on identifying underlying 
mechanisms of toxicity; however, because of inter-species differences these studies are of limited 
value in understanding mechanisms in humans. Many studies on rodents indicate that they do not 
handle manganese in the same way as humans or primates, and rodents appear to be more sensitive to 
manganese than humans; direct comparison may not, therefore, be relevant. In particular, while 
rodents are able to absorb manganese via the olfactory bulb with subsequent direct accumulation in 
the brain, this route has not been established in humans. In humans and primates, manganese appears 
to accumulate in the basal ganglia (in particular, the globus pallidus), while in rodents manganese is 
more widely distributed throughout the brain (Nishiyama et al. 1977; Ulrich et al. 1979a,b). Few 
studies in experimental animals provide information on dose–response, and none is of assistance in 
setting a no-observed-adverse-effect-level (NOAEL). The best estimate for an oral lowest-observed-
adverse-effect-level (LOAEL) in rodents lies between 10 and 40 mg/kg/day, with alterations in brain 
biogenic amine levels and motor activity being the key endpoints (e.g. Subhash & Padmshree, 1991). 
Neurobehavioural and neurochemical effects have been seen in rats after inhalation exposure to 
manganese, with a LOAEL of 3.75 mg/m3 (St-Pierre et al., 2001), while studies in monkeys have 
given apparently conflicting results (Bird et al., 1984).  

11.2 Evaluation 
The review of the vast literature on the toxic effects of manganese exposure presented and discussed 
herein highlights the fact that a range of different adverse health effects may occur following 
occupational exposure to manganese.  
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11.2.1 Non-neurological effects 
Pulmonary effects associated with manganese exposure do not appear to occur at levels below those at 
which identifiable neurological changes can be detected (Roels et al., 1992). Adverse effects on the 
cardiovascular system appear to occur at levels similar to or above those at which pulmonary changes 
occur. Neither effect, therefore, is considered to be key to the establishment of occupational exposure 
standards, and it appears that neither respiratory nor cardiovascular toxicity would be expected at 
inhalable exposures of 1 mg/m3 or less. 

Furthermore, although evidence is limited, the carcinogenicity, mutagenicity, genotoxicity, and 
reproductive toxicity profiles for manganese do not suggest that these aspects are key to an evaluation 
of occupational exposure standards. 

11.2.2 Neurological effects 
Although manganism has long been recognised as being associated with high occupational manganese 
exposures, recent attention has focused on more subtle neurological effects that may occur at lower 
levels of exposure. Indeed this present review of the evidence has led to the conclusion that, in 
humans, the critical effects associated with contemporary (low) occupational exposure to manganese 
are neurological. 

Furthermore, these subtle neurological effects, that is small non-clinical neuromotor effects, are 
considered to be of sufficient concern to warrant the establishment of an appropriate occupational 
exposure standard. A limited number of longitudinal investigations on these more subtle effects 
indicate a stability (lack of progression) of adverse effects where exposure is reduced, but also 
indicate that such effects, once established, may not all be reversible. Furthermore, most of the 
neurobehavioural effects observed reflect changes in neuromotor function, as is the case with 
manganism. 

A key aspect to consider is whether the observed small non-clinical neuromotor effects are potential 
markers (or sentinels) for more serious neurological effects or are unrelated and of little consequence 
in themselves. It is considered, herein, that these small non-clinical neuromotor effects do represent 
biologically significant events of relevance to human health. It is therefore concluded that the 
occupational exposure standards recommended in this criteria document should endeavour to take 
such small non-clinical neuromotor effects into account when recommending health-based limits.  

11.2.3 Criteria for choosing a health endpoint for standard setting 
In developing a health-based OEL the endpoint used herein, namely that of small non-clinical 
neuromotor effects, is 

• ‘sentinel’ in the sense of occurring typically at lower exposures than other effects;  

• of biological significance (i.e. possibly related to subsequent health effects and not simply a 
nuisance); and 

• demonstrably and quantitatively related to exposure, such that quantitative conclusions about 
exposure-related risks can be drawn with some confidence from the available evidence.  

The studies by Gibbs et al. (1999) and Myers et al. (2002), which found no neurological effects in 
exposed workers, are considered to be negative studies. Consideration of the levels and duration of 
exposure in these two studies and the study by Roels et al. (1992), which showed adverse 
neurological effects, offers a basis for determining a no-effect level and occupational exposure 
standards.  
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11.3 Recommendations for scientifically-based 
occupational exposure limits 
11.3.1 Derivation of an OEL 
The methodology for proposing an OEL for inorganic forms of manganese follows the principles set 
out in the ‘Methodology for the derivation of occupational exposure limits: key documentation’ 
endorsed by the European Union Scientific Committee on Exposure Limits (CEC, 1999).  

Based on human data 
There are sufficient well-conducted studies on workers exposed to known amounts of manganese to 
use human data for the derivation of a health-based occupational exposure standard.  

It is important that the metric used for standard setting is that most closely associated with the critical 
endpoint. The most sensitive endpoint is neurological (i.e. systemic rather than at the principal point 
of entry, the lungs) and the respirable fraction is a good indicator of systemic availability. A large 
proportion of the total or inhalable fraction would, ultimately, enter the gastrointestinal tract, yet 
gastrointestinal absorption is fairly low even for soluble forms of manganese (~5%) and there is little 
evidence for manganese toxicity following dietary exposure, which further supports the assumption 
that systemic effects are more likely to be associated with the respirable fraction.  

It is, therefore, recommended that the most biologically appropriate measure of exposure to airborne 
manganese for evaluating health effects and setting an occupational exposure standard is the 
respirable dust level rather than total or inhalable dust.  

Total dust may vary in particle size depending on the industry sector and the process involved. The 
respirable fraction (hence the respirable to inhalable (or total) ratio) may, therefore, vary widely and it 
is recognised that this has practical implications for setting standards. In processes where the 
respirable to inhalable (or total) ratio is low, control simply by means of a respirable standard might 
imply that gastrointestinal absorption is not, after all, insignificant, which may be the case in some 
processes. A subsidiary inhalable standard is therefore also recommended. 

Owing to poor correlations with airborne levels and the high individual variability of blood and urine 
levels, it is not possible to set a standard based on biological measures of manganese in blood and 
urine. Other biomarkers have, so far, also proved inadequate. 

The relative importance of cumulative versus peak exposure in determining risks is not known, nor is 
it known whether there is a threshold for neurological effects. However, on the evidence available, 
including biological plausibility, cumulative exposure is the best way to represent the time-relatedness 
of manganese exposure and effect for the purposes of setting an OEL. It is also relevant, as it may be 
that not all effects are reversible. 

Thus the occupational standards recommended herein are subject to a number of assumptions: the 
respirable route is the most relevant (i.e. gastrointestinal absorption is not generally of major 
importance); neurological endpoints are sentinel and not irrelevant in terms of worker protection; and 
there may be a threshold at which even long-term exposure does not cause detectable adverse effects, 
although the threshold may vary between individuals. 

The key studies used in determining the OELs recommended herein are summarised in Tables 11.2 
and 11.3. 
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Recommendations for OELs are based on: 

• the Roels et al. (1992) study, in which subtle neurological effects were observed in about 15% of 
those exposed to an average respirable level of 0.2 (GM) mg/m3;  

• the Gibbs et al. (1999) study, in which there was no established effect at an average respirable 
level of 0.04 (GM), 0.07 (AM) mg/m3, and  

• the Myers et al. (2002) study, in which no effect was observed at an average total exposure of 
0.2 (AM) mg/m3, equivalent to a respirable exposure of 0.04–0.08 mg/m3. 2 

Based on these three studies, it is concluded that limiting exposure to 0.1 mg/m3 respirable manganese 
will prevent most workers from developing the subtlest detectable effect, that is, a small non-clinical 
decrement in motor neurobehavioural function. No uncertainty factors have been applied as the 
recommendation is based on human data and on non-clinical endpoints that are only detected using 
specific test procedures.  

In making this recommendation it is noted that, based on limited evidence, it appears that the motor 
effects are neither all reversible nor progress to clinical disease. Furthermore, the recommendation is 
based on only a few studies, for which quantitative estimates of cumulative exposure can be made for 
average working periods of only 10 years or so. It is not known to what extent exposure for a full 
working lifetime at the recommended level could have a greater impact. 

A supplementary limit of 0.5 mg/m3 inhalable manganese is recommended as a safeguard, in case the 
gastrointestinal route, subsequent to inhalation, is not insignificant. In making this recommendation it 
is noted that such a level would be consistent, for example, with an occupational scenario in which the 
inhalable fraction might be a more prominent route of exposure, as would be the case in the study on 
miners by Myers and colleagues. 

At the levels proposed herein there is no foreseen problem with measurement in an occupational 
setting. Section 8 on vulnerability has identified groups that may be susceptible to manganese, 
including those with pre-Parkinsonism syndrome or severe anaemia. The data do not suggest the need 
for a short-term exposure limit or a skin notation. 

Supporting considerations 
Dietary intake 

Assuming occupational exposure at levels as high as the proposed respirable limit of 0.1 mg/m3 for a 
working shift during which 10 m3 air is inhaled (1 mg), and further assuming that 30% of the respired 
dose is absorbed (0.3 mg) and that 5% of the unabsorbed respired dose is absorbed via the 
gastrointestinal tract (0.035 mg), the total amount of manganese absorbed per shift would be of the 
order of 0.34 mg. If it is also assumed that the occupational scenario is such that the respirable 
fraction is 20% of the inhaled fraction and that 5% of the inhaled dose remaining once the respirable 
fraction has been removed is absorbed via the gastrointestinal tract (0.2 mg), the total amount of 
manganese absorbed per shift would be 0.54 mg. Such levels are comparable to anticipated oral daily 
intakes of manganese, which could range from about 0.05–0.6 mg manganese/day, if based on current 
values for adequate or acceptable oral levels (ranging from 1–12.2 mg manganese/day) assuming 5% 
absorption from the gastrointestinal tract. 

                                                           
2 The most conservative respirable:total conversion factor of 0.1 would indicate an equivalent respirable 
exposure of 0.02 mg/m3; however, the inhalable:total ratio in this study of only 1.4 indicates that the dust was 
probably not dominated by coarse particles, suggesting a respirable:total ratio higher than the lower limit of the 
0.1–0.5 range; furthermore, comparable information from Boojar and Goodarzi (2002), suggests that a 
conversion factor of 0.2–0.4 is more reasonable; estimated respirable levels of 0.04–0.08 mg/mg3, therefore, 
seem reasonable. 
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Table 11.2 Key studies for establishing lowest effect/ no effect levels 

Authors Process Effect Exposure metric mg/m3  Conversion ratio R Actual [calculated] 

   T I R  R/T  

Myers et al. (2002) Mining No observed effect 0.21 AM (1.3–1.4)T   0.2–0.4 [0.042–0.084] 
Gibbs et al. (1999) Metal and Alloy NFS No established effect 0.11 GM  

(0.18 AM) 
 0.036 GM 

(0.66 AM) 
  0.036 GM 0.66 AM 

Roels et al. (1992) Battery +ve 0.95 GM  0.22 GM   0.22 GM 
AM arithmetic mean; GM geometric mean; I inhalable; NFS not further specified; R respirable; T total  

 

Table 11.3 Key studies on progression/reversibility of effect 

Authors Process Effects: progression over time Exposure  

Lucchini et al. (1999) Metal and alloy +ve for effects: no evidence of progression 0.05 GM 
  Furnace  0.24 GM 
  Casting  0.26 GM 
Crump and Rousseau, (1999) Chemical production little or no evidence of progression NR 
FU Roels et al. (1987a)    
Roels et al. (1999) Battery manufacture +ve for effects: limited evidence of reversibility 0.4–2M 
FU, follow up study; GM, geometric mean; I, inhalable; M, mean unspecified; NR, not recorded; R, respirable; T, total
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Benchmark dose 

In determining occupational exposure standards recommended herein, the recent derivation by 
Clewell et al. (2003) of an Occupational Exposure Guideline for manganese based on a Benchmark 
Dose (BMD) Method has been recognised. These authors also conclude that neurological endpoints 
are the most sensitive in humans and that the most appropriate exposure measure of recent manganese 
concentration is the respirable fraction. They used the data from the studies of Roels et al. (1992) and 
Gibbs et al. (1999) to calculate a BMD, using k-power and Weibull models. The BMD was calculated 
as the dose (or exposure) that corresponded to a 10% increased risk of abnormal psychomotor tests. 
The BMDs determined were noted to be in remarkable agreement considering the differences in 
manganese exposures at which positive results were found in various tests. An appropriate 
occupational exposure guideline was estimated to be in the range 0.1–0.3 mg/m3 for the respirable 
particulate fraction only, expressed as an 8-hour time-weighted average. 

Animal data  

Although the data from human studies provide an adequate base for recommending OELs, and there 
are important inter-species differences in responses to manganese exposure, it may be of interest to 
explore the available animal data to see what kind of OEL might be determined. Taking the inhalation 
LOAEL of 3.75 mg/m3 for neurobehavioural and neurochemical effects in rats (St-Pierre et al., 2001) 
and using an uncertainty factor of 10 for conversion from a LOAEL to a NOAEL and 3 for human 
individual variation, would give an exposure limit of about 0.125 mg/m3, which is close to that 
derived from human data. It is not necessary to incorporate an uncertainty factor for interspecies 
variation since rodents appear to be more sensitive to manganese than human. Thus data from the 
animal studies are broadly supportive of the proposed value derived from human data.  

11.3.2 Overall conclusions 
For inorganic forms of manganese, limiting exposure to 0.1 mg/m3 respirable manganese will 
prevent most workers from developing the subtlest detectable effect, that is, a small non-clinical 
decrement in motor neurobehavioural function. 

A supplementary limit of 0.5 mg/m3 inhalable manganese is recommended as a safeguard, in 
case the gastrointestinal route, subsequent to inhalation, is not insignificant. 

In making these recommendations it is noted that limited evidence is available to evaluate 
effects over a working lifetime. At the levels recommended there is no foreseen problem with 
measurement in an occupational setting. Neither a short-term exposure limit nor a skin notation 
is needed. 
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Annex  

Literature search criteria 
Literature searches were performed on the host Datastar, in Medline (1966+), Embase (1974+) and 
Toxfile (1966+) in December 2001, with a further update search being performed in August 2002. 

The search strategy was designed to retrieve papers reporting toxicity, carcinogenicity, teratogenicity, 
mutagenicity and health effects of manganese and its compounds. Bibliographic details of relevant 
review and original articles were downloaded, including abstracts. References for Mancozeb were 
removed before downloading. 

The terms used for manganese and its compounds are listed below; terms were searched for in the 
‘Title’, ‘Abstract’ and ‘Descriptors’ fields. 

BaMnO4 
Barium manganate 
Braunite 
Cianciulliite 
FeMn  
Ferromanganese 
Ferrosilicomanganese 
FeSiMn  
Hausmannite 
KMnO4  
Manganese 
Manganese chloride 
Manganese II chloride 
Manganese II nitrate 
Manganese II oxide 
Manganese II sulphate 
Manganese III oxide 
Manganese III sulphate 
Manganese IV oxide 
Manganese IV sulphate 
Manganese nitrate 
Manganese ore$1 
Manganese oxide$1 
Manganese sulphate 

Manganese with steel* 
Manganous salt$1 
Mn2O3  
Mn3O4  
Mn3O7  
Mn5O8  
Mn(NO3)2 
Mn(SO4)2 
Mn2(SO4)3 
MnCl2 
MnO  
MnO2 
MnSO4  
Na3MnO4 
Polianite 
Potassium manganate VII 
Potassium permanganate 
Potassium VII manganate 
Pyrochroite 
Pyrolusite 
Ramsdellite 
Silicomanganese 
SiMn  
Sodium manganate 

*Title and abstract only 

Descriptor terms for the various aspects considered varied between Medline and Embase and were 
used as appropriate (see Table A1). Other useful terms/phrases were searched for in the abstracts and 
titles. Truncation was used where appropriate. Terms for manganese and its compounds were 
searched for using the Boolean search term ‘AND’, combined with SET 1 (Table A1). The toxicity 
terms in SET 2 (Table A1) were searched for ‘in the same sentence’ as the terms for manganese. No 
year limits were applied. 

Supplementary searches for information on manganese exposure were conducted using on line and 
CD-based databases including Medline, HSELine, CISDOC, NIOSHTIC, RILOX and EMBASE. 
Additional sources included NIOSH and ACGIH publications for reports. Search terms used were 
manganese, manganate and exposure$ or occupational. Abstracts were inspected to identify the most 
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relevant. Additional reports (published and unpublished) were identified by industry along with 
further unpublished data. 

Table A1 Terms for toxicity, health effects etc. by database 

Medline and Toxfile Embase 

SET 1 
Toxicology# 
Toxicity-tests# 
Mutagenicity-tests# 
Toxic$8.ti,de,ab. 
Teratogen$5.ti,de,ab. 
Genotoxic$5.ti,de,ab. 
Health effect$1.ti,ab. 
Poison$3.ti,de,ab. 
 
SET 2 
Mutagen$5.ti,de,ab. 
Carcinogen$5.ti,de,ab. 
Cytotoxic$5.ti,de,ab. 
Neurotoxic$5.ti,de,ab. 
Adverse effect$1.ti,de,ab. 
 
SET 3 
Manganese-poisoning# 

SET 1 
Toxicology# 
Toxicity# 
Toxicity-Testing# 
Toxic$8.ti,de,ab. 
Teratogen$5.ti,de,ab. 
Genotoxic$5.ti,de,ab. 
Health effect$1.ti,de,ab. 
Adverse effect$1.ti,de,ab. 
 
 
SET 2 
Mutagen$5.ti,de,ab. 
Carcinogen$5.ti,de,ab. 
Cytotoxic$5.ti,de,ab. 
Neurotoxic$5.ti,de,ab. 
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