Synthesis of scientific knowledge
on the health risks following
occupational exposure

to manganese

bl
't%‘j’;-»\\“\ﬁ\w
5

(NY S310N1S

Claude Osfiguy
Sylvain Malo
Paul Asselin

S133r'04d HIUYISI

e @- .
el e S

.
.

Rl

o




(irsy;

Established in Québec since 1980, the Institut de recherche
Robert-Sauvé en santé et en sécurité du travail (IRSST) is a
scientific research organization known for the quality of its work
and the expertise of its personnel.

OUR RESEARCH

is working for you!

» To contribute, through research, to the prevention of
industrial accidents and occupational diseases as well
as to the rehabilitation of affected workers.

» To offer the laboratory services and expertise necessary
for the activities of the public occupational health and
safety prevention network.

» To disseminate knowledge, and to act as scientific
benchmark and expert.

Funded by the Commission de la santé et de la sécurité
du travail, the IRSST has a board of directors made up
of an equal number of employer and worker representa-
tives.

TO FIND OUT MORE...

Visit our Web site for complete up-to-date information
about the IRSST. All our publications

can be downloaded at no charge.

www.irsst.qc.ca

To obtain the latest information on the research carried
out or funded by the IRSST, subscribe to Prévention au
t=ail, the free magazine published jointly by the
IRSST and the CSST.

Subscription: 1-817-221-7046

IRSST — Communications Division
505, boul. De Maisonneuve Ouest
Montréal (Québec)

H3A 3C2

Telephone: (514) 288-1551

Fax: (514) 288-7636
www.irsst.qc.ca

© Institut de recherche Robert Sauvé
en santé et en sécurité du travail
October 2003.



Synthesis of scientific knowledge
on the heaith risks following
occupational exposure

to manganese

Claude Osfiguy, Operations Division, IRSST
Sylvain Malo and Paul Asselin,
Commission de |a santa et de Ia sacuritd du travail

Cliquez recherche
i www.Irsst.qc.ca

This publication is available free
of charge on the Web site.

This study was financed by the IRSST. The conclusions and recommendations are those of the authors.

(NY S310018

S1JAr04d HIUYISIY

=
m
-
S
=~



IN CONFORMITY WITH THE IRSST’S POLICIES

The results of the research work published in this document have been peer-reviewed



SUMMARY

This report is a synthesis of current scientific knowledge based mainly on severa critical reviews
carried out by different international scientific experts and groups of experts as well as on some
origina articles. It responds to a request for information addressed to the IRSST by the CSST to
document current knowledge on the main potential health effects on workers following
occupational exposure to manganese (Mn), and particularly on the central nervous system.

Manganese is an essential trace element found in all living organisms and the level in the body is
normally well controlled by the homeostatic process. It is found in low concentrations in soil,
water, air and food, and everyone absorbs small daily doses that are weakly absorbed (3-5%) by
the digestive system; this chronic absorption at low doses is considered as essential.

Occupational exposure may disturb the homeostatic balance and substantially increase the Mn
concentration in the body, particularly if the absorption of the respirable fraction through the
pulmonary pathway is very high. Mn then concentrates in the various target organs including
certain parts of the brain where it will exert the most serious toxic effects. In fact, chronic
occupational exposures by inhalation may lead to injury to the central nervous system (CNS),
with the most serious effect being manganism, an occupational disease previously mistaken for
Parkinson's disease. Reproductive effects, such as a reduction in fertility and impotence, have
been observed in humans and animals. An increased incidence of bronchitis and atered
pulmonary characteristics have aso been documented following occupational exposures.
Chemical pneumonias have aso been noted in miners. These effects normally appear at
concentrations above the CNS effects. The latency period for developing measurable effects on
the CNS varies from a few months to more than 20 years and individual susceptibility seems to
play an important rolein it. Manganese is not currently considered a carcinogen.

Although clinical signs of manganism have rarely been reported at Mn concentrations below
5mg/m® (current Québec standard for manganese and total dusts), several studies clearly show
early signs of injury to the central nervous system at much lower exposure concentrations. In
2000, the American agency ATSDR established a concentration at which no effect (NOAEL) will
occur on the CNS or pulmonary system. This level is 0.07 mg Mn/m® in respirable dust.
Furthermore, epidemiological studies suggest that lifetime cumulative exposure is the best
indicator, allowing correlation of occupational exposure with the early effects observed on the
CNS. However, when neurological damage is measured, it is rarely reversible and tends to
worsen over time, even in the absence of occupational exposure. As a result, it is important to
intervene as rapidly as possible, in a phase that is possibly still reversible. A consensus seems to
be developing in the scientific community on CNS injuries at a preclinical stage and on the
irreversibility of certain effects. Along these lines, different organizations such as the American
Conference of Governmental Industrial Hygienists, ACGIH, are currently considering lowering
their recommendations. For the ACGIH, the value now considered would drop from 0.20 mg
Mn/m? in total dusts to 0.030 mg Mn/m® in respirable dust (Intended change 2002).
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1. INTRODUCTION

1.1 Manganese in the environment

Manganese (Mn, CAS number 7439-96-5) makes up approximately 0.10% of the earth’s crust
and is the 12" most abundant element (Francis & Forsyth 1995). It can be found in several
oxidation states from -3 to +7, with the most common form in the environment being +4 (Keen
and Leach 1988). Mn is found naturally in soil, river water, lake water and underground streams,
in the ambient air aswell asin food. We are al exposed to trace amounts in the air and consume
it orally in food and water. Base levels are in the order of 0.004 ppm in water, 0.02 ug/m*" in air,
40 to 900 ppm in soil (Cooper 1984; US EPA 1985a; Schroeder et al. 1987; Eckel & Langley
1988; Rope et al. 1988). The daily intake from food is in the order of 1 to 10 mg (ATSDR 2000,
WHO 1997). Respiratory absorption is estimated at less than 2 pug/day (WHO 1981).

Manganese is considered a trace element essential for good health and is most frequently found in
the +2 valence state in living organisms (Keen and Leach 1988; Stokinger 1981). The human body
contains small amounts of Mn, and under normal conditions, our homeostatic system controls the
quantities very well. The daily recommended dose is 2500 to 5000 ug with a gastrointestinal
absorption rate in the order of 3to 5% (ATSDR 2000).

Human activities can increase the manganese content in the environment, industrially or through
the combustion of fossil fuels. In addition, the resuspension of soil containing Mn may contribute
to the atmospheric concentration (EPA 1984a, 1985b, 1985c, 1987; Lioy 1983). The most
important sources of environmental manganese related to industrial activity are ferroalloy
production plants, iron and steel foundries, thermal power plants, coke ovens, and dusts from
mining operations (EPA 1983, 1985b, 1985c; ATSDR 2000). In Québec, the combustion of
gasoline containing methylcyclopentadienyl manganese tricarbonyl (MMT) as the anti-knock
agent also helps to increase the concentration in the air, mainly in high density traffic regions
(Zayed 1999a and 1999D).

The annual average of Mnin the air in an urban or rural environment without significant pollution
isin the order of 0.01 to 0.07 pg/m*® (WHO 1981). In regions with large foundries, the total daily
respiratory intake may reach 4 to 6 ug, while in regions with ferromanganese and
silicomanganese industries, the inhaled dose may reach 10 ug/day (WHO 1981). The Mn content
of the air is tending to continually decrease following various control measures. For example, in
an American non-urban environment, the quantity was in the order of 60 ng/m® (60
nanograms/m®) from 1953 to 1957, 12 ng/m® from 1965 to 1967, and 5 ng/m® in 1982 (EPA
19844). In an urban environment, 110, 73 and 33 ng/m* were measured in the same period.

In Canada, Loranger and Zayed (1997a and 1997b) reported 24 ng/m® in respirable dust (cyclone
with cutoff at 5 um) and 50 ng/m® in total dust (closed 37 mm cassette) in a high traffic zone
compared to 15 and 27 ng/m® in an area of low traffic density for Montréal where automobiles
use a Mn-based anti-knock agent.

* 1 milligram (mg) = 1,000 micrograms (ug) = 1,000,000 nanograms (ng)

Synthesis of scientific knowledge on the health risks following
occupational exposure to manganese
October 2003 Page 3



1.2 Occupational exposure to manganese

Mn and some of its compounds are used in different industrial processes. The most common
forms are metallic Mn, Mn*2, Mn*® and Mn* found mainly as MnCl,, MnSO,, MnPO,, MnO, and
MnzO4. Alloyed with different metals, mainly iron, Mn makes these products extra hard.
Manganese chloride is used as a catalyst but also as an anima food supplement. Manganese
dioxide as well as chloride are both used in the manufacture of dry batteries. Manganese dioxide
also has severa other applications: fireworks, matches and porcelain. Manganese sulfate is used
as fertilizer, in ceramics, glazes and varnishes, as a food supplement, as well as a fungicide
(ACGIH 2001). Manganese's organic compounds have three main uses: MMT as an anti-knock
additive in gasoline, two pesticides, (maneb and mancozeb), as well as mangafodipir used in
diagnosing certain forms of hepatic cancers. (ATSDR 2000; ACGIH 2001).

Occupationa exposures to inorganic compounds of Mn occur almost solely from the inhalation of
dusts and fumes containing Mn. They are mainly related to emissions from automobiles and
trucks during maintenance as well as to the dusts from ores during extraction and processing, to
steel preparation operations using Mn, in dry battery manufacturing plants, as well as in steel
welding operations using manganese and electrodes with high Mn content. (ATSDR 2000;
ACGIH 2001; WHO 1986; HSDB 1993)

Concentrations from 1.5 to 450 mg Mn/m® have been reported in mines (US EPA 1984a), 0.30 to
20 mg Mn/m? in ferroalloy production foundries (Saric et al. 1977), 3 to 18 mg Mn/m?® in the dry
battery manufacturing sector (Emara et al. 1971), from 1 to 4 mg Mn/m® in welding operations
(Sjégren et al. 1990), and up to 14 mg Mn/m? in welding operations with welding wire (CICADS
1999). More recent studies, however, have reported much lower average concentrations of 1
mg/m° or less in several of these workplaces (Roels et al. 1985, 1987a, 1987b and 1992; Mergler
et a. 1994; Lucchini et a. 1995). For exposed workers, Mn absorption may become much more
significant by inhalation than by ingestion through food.
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2. METABOLISM AND DISTRIBUTION
2.1 Absorption

Manganese absorption occurs mainly in the gastrointestinal tract after ingestion or in the
pulmonary alveoli after inhalation. Gastrointestinal absorption is in the order of only 3 to 5%
(Menaet al. 1969; Davidsson et al. 1988; Oberdoerster 1988; EPA 1995b and 1995c). Manganese
metabolism in humans is rigorously controlled by homeostatic mechanisms that have an effect
mainly on gastrointestinal absorption and excretion. The manganese absorbed through the
gastrointestinal pathway is sequestered by the liver. Most of it is excreted by the biliary pathway
and is likely to undergo an enterohepatic cycle. Manganese is mainly eliminated in the feces. For
workers, the pulmonary inhalation pathway is even more important when the absorption rate is
very high and is close to 100% for fine dusts deposited in the alveoli and that are not carried
towards the digestive system by the mechanism of mucociliary clearance (ATSDR 2000). Larger
dusts deposited at the start of the pulmonary tree are eliminated into the digestive system by the
mucociliary process. Morrow (1970) determined a half-life in the order of 66 days in humans
after inhalation of submicronic particles.

Another possible source of manganese accumulation and clinical toxicity has been identified in
the excessive levels of manganese in parenteral feeding solutions, given intravenously to patients
with chronic gastrointestinal diseases (Alves et al. 1997). Also, since manganese is almost
completely excreted through the biliary tract, individuals with chronic hepatic insufficiency are at
risk of developing hepatic encephalopathy, which would probably be caused by an accumulation
of manganesein the brain (Krieger et al. 1995; Pomier-Layrargues et al. 1995).

Several animal studies demonstrate that the determining factor for absorption efficiency is the
entry pathway into the body as well as the solubility of the substance containing the Mn in
biological fluids (Smith et al. 1995; Roels et al. 1997). Roels et a. (1997) studied the levels of
manganese in the blood and brain tissue of rats exposed to repeated doses of Mn chloride and
dioxide administered orally, by intraperitoneal injections and intratracheal infusion. Mn chloride
(soluble) was rapidly absorbed through these three pathways and distributed to different locations,
particularly the brain. However, for Mn dioxide, absorption following an oral dose was very low,
while it was absorbed to different degrees in the two other approaches. Higher concentrations of
Mn were found after administration of Mn chloride than for the oxide. The authors concluded
that the absorption route as well as the nature of the product could be a critical determinant in Mn
absorption in the brain. In addition, when Mn dioxide was administered by oral gavage or by
intratracheal infusion, the blood levels of Mn increased and then decreased more slowly than
when Mn chloride was administered, thus indicating a marked difference in the absorption
kinetics of these two substances. The fact that the body reacts more sowly to Mn dioxide
suggests that it could remain in the body longer, thus contributing for a longer time to the body
burden, even if this occurs at lower concentrations. These data do not allow the impact on human
health to be predicted after chronic exposure to low concentrations of manganese dioxide
(CICADS 1999).

A study by Tjélve et a. (1996) also demonstrated that the exposure pathway affects Mn
absorption. Intranasal infusion of Mn*?in the rat resulted in Mn uptake directly into the olfactory
bulb via the olfactory nerve, while intraperitoneal administration only led to a slight increase at
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the olfactory bulb. The authors thus suggested that olfactory neurons could serve as an entry
pathway for Mn to the brain (Tjalve and Henricksson 1999). These results have been confirmed
by severa researchers who stipulate that uptake by the olfactory nerve can be substantial
(Brenneman et al. 2000; Dorman et al. 2001, 2002; Dorman and Struve 2002; Fechter et a. 2002;
Henriksson and Tjalve 2000; Normandin et al. 2002; Vitarella et al. 2000).

There is clear evidence from animal studies that gastrointestinal absorption of Mn is inversely
related to the iron concentrations in the diet. Hence, high concentrations of iron lead to a lower
absorption of manganese, while low levels of iron promote Mn absorption (Baldwin et al. 1999;
Chandra and Tandon 1973; Davis et al. 1992a, 1992b; Diez-Ewald et al. 1968; Rehnberg et al.
1982). Menaet al. (1969) also suggested that low iron absorption would promote Mn absorption.

Finally, note that some animal studies suggest that gastrointestinal absorption of Mn could vary
with age (Rehnberg et a. 1980 and 1981). The percent absorption through the gastrointestinal
system is in the order of 3 to 5% (Mena et al. 1969; Davidsson et al. 1988; Oberdoerster and
Cherian, 1988), while the fine particles deposited deep in the pulmonary tract are probably totally
absorbed, and the largest particles in the upper pulmonary tract are carried towards the digestive
tract by the mechanism of mucociliary clearance.

2.2 Distribution

Mn is anhormal component of any human and animal tissue or fluid. In humans, the concentration
in mogt tissues is in the order of 0.1 to 1 ug Mn/g wet weight (Sumino et al. 1975). Once
absorbed, Mn is carried to the organs rich in mitochondria where it is rapidly concentrated.
Accumulation in the CNS, following high exposure in animals, occurs slowly and reaches a
maximum after approximately 30 days (Stokinger 1981). The norma Mn concentrations in the
blood of healthy unexposed workers (4—14 pg/L), urine (less than 10 pg/L) and serum (0.15-2.65
Mg/L) are relatively stable and the excess Mn is normally rapidly excreted from the body
(ATSDR 2000; Minoia et al. 1990; Davis and Greger 1992; EPA, 1984a; Greger et al. 1990). It
therefore becomes difficult to estimate past exposure by measuring Mn in these biological fluids.

Occupational exposure to Mn has shown higher Mn concentrations in the various biological fluids
but there is no good correlation with the exposure level (Abel-Hamid et al. 1990; Alessio et al.
1989; Jarvisalo et al. 1992; Roels et al. 1992; Siquieraet al. 1991).

2.3 Metabolism

Mn is an essentia element in human nutrition that contributes to the formation of connective
tissue and to the metabolism of lipids and carbohydrates (ATSDR 2000; Beliles 1994).
Manganese plays a role in bone mineralization, protein metabolism, metabolic regulation,
nervous system function (Schroeder et al. 1966; Freeland-Graves et a. 1987; Hurley and Keen
1987; Freedland-Graves and Llanes et a. 1994; Wedler 1994; ATSDR 2000; Beliles 1994), in the
protection of cells against free radicals (Doisy 1973) and in the formation of glycosaminoglycans
(Wedler 1994) and cholesterol synthesis (Freeland-Graves et al. 1987; Friedman et al. 1987). It
also plays an important enzymatic role (Keen and Zidenberg-Cher 1990; NRC 1989; Wedler
1994). It can bind to different substrates such as adenosinetriphosphate or directly to a protein
(Keen and Zidenberg-Cher 1990).
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2.4 Excretion

Independent of Mn absorption, the homeostatic system generally maintains a stable concentration
level by regulating excretion (US EPA 1984a and 1984b). A reserve in the order of 20 mg of Mn
is normally stored in the liver and the excess is excreted in the intestine through the bile. Small
amounts are also excreted in the urine, skin appendages and perspiration (EPA 1993). The mean
urinary concentration is approximately 1 pg/L for an unexposed group. Workers chronically
exposed in a foundry had significantly higher urinary excretion than an unexposed control group
with a mean concentration of 5.7 ug/L compared to 0.7 pg/L (Alessio et al. 1989). Several other
studies confirmed this tendency (Lucchini et al. 1995; Roels et al. 19873, 1992). For workers who
inhaled MnCl, or Mn,O3, approximately 60% of the material initially deposited in the lungs was
found in the feces after 4 days (Menaet a. 1969).

2.5 Mechanisms of toxicity (Also see section 4.3.1.)

Even if it is known that Mn is a cellular toxin that can damage the nerve impulse transport system,
enzymatic activities and receptor functions, the exact way in which Mn neurotoxicity occurs has not
yet been clearly established (Aschner and Aschner 1991). Neuropathological changes are detectable
in the basal ganglia of people with manganism, and the specific areas affected are located mainly in
the striatum and globus pallidus; the substantia nigra is sometimes affected but normally at a lower
level (Yamada et al. 1986). Studies on primates have led to the same conclusions (Newland and
Weiss 1992). Some authors also report lower levels of dopamine in the caudate nucleus and the
putamen in patients (at autopsy) with manganism (Bernheimer et a. 1973).
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3. BIOMARKERS

3.1 Exposure biomarkers

Mn can be measured with good sensitivity in biological fluids and tissues, and the levels in the
blood, urine, feces and hair have been investigated as potential exposure biomarkers. As a group,
workers exposed to 1 mg Mn/m® demonstrated statistically higher levels of blood and urinary Mn
than an unexposed control group (Roels et al. 1985; Roels et al. 1987b). The results suggested
that the blood would be an indicator of body burden, while urine would reflect a recent exposure.
Of al the available studies, Lucchini et al. (1995) are the only ones to suggest that blood and
urinary Mn levels are correlated with environmental exposures on an individual basis. However,
this study has the special characteristic of being the only one that is intended for workers after
their exposure has ended and that involves only one substance, MnO,. In another study intended
for chronically exposed and still employed workers, Lucchini et a. (1999) found a positive
correlation between the levels of Mn in total dust and the blood level. In this study, no
correlation was found between lifetime cumulative exposure and blood Mn. Roels (2002) finally
proposes investigating the manganese content of bone tissue using a non-invasive method of
analysis by neutron activation, which could be a good representation of the overall body burden.
The relationship has not yet been determined and the significance of this approach remains to be
documented.

However, several other studies have indicated that, on an individual basis, the correlation between
workplace exposure and blood or urinary Mn is not areliable predictor of exposure (Jarvisalo et
a. 1992; Roels et a. 1987b, 1992; Smyth et al. 1973). Furthermore, two studies (Jarvisalo et al.
1992; Roels et a. 1992) suggest that blood and urinary Mn levels can be used to follow the
exposure of a group of workers. There is no significant correlation between fecal excretion and
occupational exposure (Valentin and Schiele 1983). A study by Baldwin et al. (1999) indicates a
correlation between blood Mn levels and high levels of airborne Mn.

Jarvisalo et a. (1992) evaluated the occupational exposure of a few welders to Mn and measured
their urinary and blood Mn levels. The level is statistically higher than for unexposed workers
and the measurements are only applicable to a group, with the individual result not being very
significant.

All of the available data suggest that biological monitoring of blood or urinary Mn levels can be
useful in determining whether one group is more exposed than another, but individual values have
avery limited significance, except in the case where the individual urinary concentration is much
higher than normal, thus indicating an exposure without the possibility of estimating its
concentration in the air. Interindividual variability seems very important.

A medical test known as magnetic resonance imaging (MRI) can detect the presence of
paramagnetic substances, such as manganese, at abnormal concentrations. This test is used to
determine whether a patient has accumulated an abnormally high level of Mn in certain parts of
the brain. Thistool is sometimes used when a worker shows serious signs of manganese toxicity
and must be accompanied by a complete medical history because other substances and other
illnesses can also produce an abnormal image (Wolters et al. 1989; ATSDR 2000). Care must be
taken because MRI will not necessarily detect Mn after exposure has ended because the body
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continually eliminates that substance. MRI demonstrates that Mn is concentrated in the brain at
the globus pallidus, striatum and substantia nigra (Mergler 1996; Normandin 2002). An
overexposed welder will have a normal MRI 6 months after being removed from the exposure
(Mergler 1996). Some people could also retain a high level because their body is inefficient in
ediminating Mn. This is the case mainly with people suffering from chronic liver problems
(Devenyi et a. 1994; Hauser et a. 1996; Pomier-Layrargues et al. 1998; Spahr et al. 1996;
Gasparoti et a. 2002). Gasparoti et a. (2002) report an abnormal MRI of the globus pallidusin 7
examined workers who were exposed to low environmental concentrations of manganese, while
Kim et a. (1999) reported an abnormal MRI in 73% of welders exposed to manganese. The MRI
aswell as a battery of neurobehavioural tests can be useful in determining an overexposure to Mn
in the workplace (Dietz et a. 2001; Greger 1998; Lucchini et al. 2000; Nelson et a. 1993).
Cheong et a (2002) found a positive correlation between the intensity of the MRI signal and the
neurological effects linked to manganese exposure.

These approaches are potentially useful biomarkers but require additional evaluations to
determine their validity. Even though it is well established that overexposure leads to higher Mn
levels in the body, the correlation between exposure levels, tissue concentrations, and health
effectsis not well documented. Furthermore, since homeostatic mechanisms prevent fluctuations
in Mn in the blood and since Mn is mainly excreted in the bile, identifying a biological marker to
estimate the intensity of the exposure or the concentration in the target organ does not seem
possible (Lauwerys et al. 1992). In addition, even if the levels in the tissues are increased, they
tend to return to normal when the exposure ends (Y amada et al. 1986).

3.2 Biomarkers of effects

Certain biomarkers of effects have been identified but none alows exposure to be related to the
quantity measured. These include serum prolactin (Smargiassi and Mutti 1999). Also, the
lymphocyte activity of Mn-dependent superoxide dismutase increases with an increase in the
amount of Mn absorbed (Yiin et a. 1996). It has been suggested that this enzyme can be useful in
determining low and average exposure levels in workers (Davis and Greger 1992; Greger 1999).
This enzyme is found in high concentrations in women ingesting manganese supplements, while
the levels are depressed in Mn-deficient animals.

For information relating to renal or hepatic effect biomarkers, consult the report of the
ATSDR/CDC subcommittee (1990) on biological indicators, and for biomarkers of neurological
effects, see OTA (1990).
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4. EFFECTS

The main health effects related to manganese exposure are respiratory effects (pulmonary
inflammation, pneumonia, reduced respiratory function), extrapyramidal neurologic syndrome of
manganism, and preclinical neurological effects as well as reproductive problems (impotence and
reduced fertility). Mn does not appear to be a carcinogen, and the effects on other organs will not
be described here. The information retained will therefore be limited to these three systems and
to the studies carried out on humans. central nervous system, respiratory system and reproductive
system and will involve absorption from airborne dusts and fumes, and therefore entering the
body first by the respiratory pathway. The reader who wants to know more about absorption
pathways, other target organs, or the results on animals may refer to the different review
documents including ATSDR 2000, ACGIH 2001, CICADS 1999, RAIS 2002, IRIS 1998, NTP
1993, WHO 1981, 1986, 1987, 1999, 2001 HSDB 2001, Francis and Forsyth 1995, Lundberg
1997, as well asto the original articlesin the reference. Mergler and Baldwin (1997) and Iregren
(1992 and 1999) have reviewed the neurotoxic effects, while Inoue and Makita (1996) and Pal et
a. (1999) have reviewed the clinical aspects.

The relative toxicity of the different Mn compounds is not well known, but inhaled Mn tends to
produce more severe toxic effects than ingested Mn. This is probably due to the very different
absorption rate related to the entry route: 3 to 5% for the gastrointestinal route (Davidsson et al.
1988, 1989a and 1989b; Mena et al. 1969) and close to 100% for the pulmonary route at the
aveoli. This is reflected well in the blood Mn concentration in rats exposed to identical
concentrations by inhalation and ingestion (Tjalve et al. 1996; Roels et al. 1997).

4.1 Extrapolation of the results of animal studiesto humans

Much information is available in the scientific literature on the toxicological analysis of Mn in
animals and humans, but with the large variations in the administered doses, the variety in
responses, and the measured differences, inter-species effects cannot easily be extrapolated.

Non-human primates have been a useful model for predicting neurotoxicity in man since the
monkey has had neurobehavioral symptoms very similar to humans (Eriksson et al. 1987; Gupta
et al. 1980; Newland and Weiss 1992; Shinotoh et a., 1995; Olanow et al. 1996). In addition, the
monkey has shown neurological changes resulting from exposure to Mn (Bird et al. 1984). The
symptoms noted in the monkey are similar to those observed in overexposed miners and include
ataxia, bradykinesia, unsteady gait, grimaces and tremors (Eriksson et al. 1992; Newland and
Weiss 1992; Olanow et al. 1996). Also, an accumulation of Mn was noted in the basal ganglia as
observed by MRI (Eriksson et al. 1992; Newland and Weiss 1992). This same phenomenon
occurs in overexposed workers or in people unable to adequately eliminate Mn (Devenyi et al.
1994; Fell et al. 1996; Hauser et al. 1996; Ono et al. 1995; Pomier-Layrargues et al. 1998; Rose et
al. 1999; Spahr et al. 1996). Extrapolation of these results to humans has its limitations because
the absorption pathways are different and the inter-species responses can be different.

Available data suggest that neurological effects can occur following chronic exposures in humans
and intermediate or chronic exposuresin animals. The effects are however seen at lower levelsin
humans (Bird et a. 1984; Newland and Weiss 1992). These data suggest that animal models,
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particularly rodents, can be of limited usefulness for extrapolation to man in establishing dose-
response relationships, but can be useful in understanding the mechanisms of these effects.

4.2 Effects on the respiratory system

No study for determining exactly the rate of absorption of inhaled Mn in dusts or fumes was
documented in this review. In general, absorption by inhalation is considered as being dependent
on particle size since the size will determine the deposition site in the respiratory tree as well as
on the solubility of the Mn compound. Very fine particles deposited deep in the respiratory
pathway are probably completely absorbed (ATSDR 2000), while particles deposited in the upper
tract can be carried into the throat and then the digestive system by the mucociliary clearance
mechanism. This latter mechanism has been demonstrated in various studies (Drown et a. 1986;
Mena et a. 1969; Newland et a. 1987). Some could also be absorbed at the olfactory nerve
(Brenneman et a. 2000; Dorman et a. 2001, 2002; Dorman and Struve 2002; Fechter et al. 2002;
Henriksson and Tjalve 2000; Normandin et al. 2002; Tjéve et a. 1996; Vitarella et al. 2000).
However, the quantities absorbed at each of the sites are not precisely known.

In humans, the inhalation of Mn particles may lead to an inflammatory response in the lung. This
situation is characterized by an infiltration of macrophages and leucocytes that phagocytize the
deposited particles (Lloyd Davies 1946). The damage to lung tissue is normally not significant
but may include zones of edema (Lloyd Davies 1946). The symptoms and signs of pulmonary
irritation may include cough, bronchitis, pneumonitis and minor reductions in pulmonary function
(Abdel Hamid et al. 1990; Akbar-Khanzadeh 1993; Lloyd Davies 1946; Roels et al. 1987a). In
some cases, chemical pneumonia may be observed among workers exposed to slag and also in
Mn mines and in plants producing ferromanganese and potassium permanganate. It is
characterized by fever, cough, and often viscous not rusty expectoration, “like thick honey”, and
the usua clinica and radiological signs of pneumonia (Lauwerys 1999). The minimum
concentration to produce these effects is unknown but industrial experience suggests that several
mg/m® are necessary to produce these effects. Even if the respiratory effects are similar in
different studies (ATSDR 2000), there are no specific biomarkers of effects other than the
described symptoms and reduced respiratory function.

As an example, Roels et a (1987a) did a cross-sectional epidemiological study of 141 mae
workers exposed to inorganic Mn in a plant manufacturing Mn oxides and salts from ore. The
average age of the workers was 34.3 years, and seniority varied from 1 to 19 years, with an
average of 7.1 years. The results for the workers were compared to a paired control group of 104
workers without Mn exposure. The total mean concentration of Mn in the air varied from 0.07 to
8.61 mg/m® during the study, with a respective mean and median of 1.33 and 0.97 mg/m®. In this
study, the authors demonstrated a significantly higher prevalence of cough during cold weather,
exertional dyspnea, and episodes of acute bronchitis in exposed workers. These symptoms,
measured objectively by respiratory function tests, were dlightly different only in exposed
workers and smokers. The effects were not related to the Mn concentration in the blood or urine
and the authors did not observe any synergistic effects between Mn exposure and tobacco use on
any of the spirometric parameters. Other studies suggest, however, a synergistic effect between
tobacco use and Mn-related pulmonary effects (Boojar, 2002; Saric et a., 1977).

In the case of welders, inhaation of manganese oxide fumes may lead to chills, fever, swesating,
nausea and cough, which is normally called welders' fever. These symptoms begin 4 to 12 hours

Synthesis of scientific knowledge on the health risks following
occupational exposure to manganese
October 2003 Page 11



after exposure and decrease after 24 hours. Welders' fever does not normally cause permanent
damage unless the exposure is continually repeated (Proctor et a. 1988).

These effects of Mn on the respiratory system were noted mainly with workers exposed to Mn in
the workplace but some cases were also noted in populations living near ferromanganese plants
(WHO 1987). It was noted in at least one study that the frequency of effects dropped with a
reduction in the concentration of total dust in the air. A no observed effect limit value could not
be established and the inflammatory response normally begins rapidly after exposure and
continues throughout the exposure. This effect is not necessarily specific to Mn and occurs with
many inhalable particles (EPA 1985c). This suggests that it is possibly not the manganese itself
that causes this effect, but instead the solid particles. An increased prevalence of respiratory
illnesses (mainly pneumonia) has been noted in several studies on workers chronically exposed to
manganese dust (Lloyd Davies 1946) and for residents who live near ferromanganese plants
(WHO 1987; Tanaka 1994). Several authors suggest that this greater susceptibility to lung
infections is a consequence of lung irritation and inflammation caused by particulate matter.

4.3 Effects on reproduction

Impotence and loss of libido are common symptoms for workers affected by a clinically
identifiable manganism for workers exposed to Mn for periods of 1 to 21 years (Emara et a.
1971; Mena et a. 1967; Rodier 1955; Schuler et a. 1957). Consequently, these symptoms may
lead to alower rate of reproduction.

A statistically lower fertility, established from the average reduction in the number of children per
couple, was observed in a cohort of 85 male workers exposed for periods of 1 to 19 years and
paired with a control group of 81 people. The total dust concentration varied from 0.07 to 8.61
mg Mn/m®, with a median value of 0.97 mg Mn/m®, namely concentrations that did not produce
clear cases of manganism (Lauwerys et al. 1985). This suggests that abnormal sexual functionsin
humans could be one of the earliest clinica manifestations of manganism. No dose-response
information was presented such that no NOAEL could be established.

ATSDR (2000) reports that Jiang et al. (1996) conducted an epidemiological reproduction study
on 314 men working in Mn plants and with seniority up to 35 years. The geometric mean of Mn
in the total airborne dusts was 0.145 mg Mn/m?® in the form of MnO,. The researchers found no
stetistically different difference in reproductive level between the workers and the paired controls,
but impotence and a lack of sexual desire were higher in the exposed group. Gennart et a. (1992)
carried out a study on 70 paired male workers exposed to a median concentration of 0.71 mg
Mn/m® in total MnO, dust for an average duration of 6.2 yearsin adry battery plant. They found
no effect on the reproduction rate.

4.4 Effects on the central nervous system

4.4.1. Mechanisms of neurctoxicity

Even though it is known that manganese is a cellular toxin that may damage nerve impulse
transport systems, enzymatic activities and receptor functions, the exact way that manganese
neurotoxicity occurs has not yet been clearly established (Aschner and Aschner 1991).
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A magjor reduction in dopamine levels in the caudate nucleus, putamen, a reduction in
noradrenaline in the hypothalamus and norma serotonin in these regions were observed in a
patient with chronic manganese encephal opathy (Bernheimer et al. 1973).

Major histological changes include a marked reduction in myelinated fibers and a proliferation of
astrocytes (Yamada et al 1986), thus contrasting with those observed in Parkinson's disease:
depigmentation and neural loss in the central nervous system, locus ceruleus and dorsal nucleus
of the vagus nerve; occasional presence of Lewy bodies and neurofibrillary tangle in the cerebral
cortex.

The harmful effects on the nervous system probably result from the failure of the protective
enzymes to detoxify the excess manganese or to change its oxidation potential. In fact, on the one
hand, manganese neurotoxicity is based on the capacity of the bivalent form Mn*? to oxidize to
the trivalent form Mn*3, the very strong oxidizing form. On the other hand, manganese shows a
high affinity for areas rich in neuromelanin, like the nigrostriatal tract (Lydén et al 1984). Thus,
manganese promotes the auto-oxidation of dopamine by a transfer reaction of a single electron,
generating semiquinones and orthoguinones and the production of toxic free radicals (Donaldson
et a 1982; Segura-Aguilar and Lind 1989) which may cause substantial lesions of the
dopaminergic system. Cotzias (1976) assumed that, in manganese poisoning, brain dopamine is
initially high and then drops.

Wolters et al (1989) examined four subjects with clinical characteristics of mild Parkinson’s
disease caused by manganese exposure. The MRI and PET scans with 6- fluorodopa were
normal, suggesting that in early manganism, damage may occur following post-synaptic
functional disturbances in the striatum or even in the neurons of the globus pallidus, rather than a
reduction in dopamine as noted in the autopsies of cases of severe manganism.

It cannot be concluded that one simple dysfunction is the basic mechanism of manganese
neurotoxicity. It appears more probable that the basic mechanism is multifactorial, involving
oxidative stress induced by iron and the direct interaction of manganese with the mitochondriain
the terminal part of the dopaminergic nerves, leading to selective mitochondrial dysfunction and
resultant excito-toxicity (Verity 1999). This assumption could explain the sow evolution in the
disease, the affinity for dopaminergic neurons, and the potential therapeutic advantages of Fe
chelation and antioxidants.

4.4.2. Manganism

Chronic Mn exposure may lead to serious damage of the central nervous system (CNS), called
manganism. Manganism is a progressive and debilitating syndrome that typically begins with
relatively mild nonspecific symptoms that gradually develop. Fully developed manganism may
be diagnosed from a characteristic pattern of neurological signs and symptoms (Menaet al. 1967,
Rodier 1955; Inoue and Makita 1996), but the early signs and symptoms are not specific to
manganese.

A neurological and attentive psychomotor examination paired with known exposure to Mn may
allow an increased incidence of preclinical signs of early neurological effects to be detected in
apparently healthy people (Iregren 1990; Roels et al. 1987a). However, these tests are not
sufficiently specific to determine whether an individual has been exposed to too high levels of Mn
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and also, no biochemical indicator is currently available for detecting early neurotoxic effects that
could clearly indicate prolonged Mn overexposure. Magnetic resonance imaging tests (MRI)
(Lucchini et al 2000) and positron-emission tomography (PET) help in diagnosing manganism
and in differentiating it from Parkinson’s disease (Pal et a. 1999). Contrary to Parkinson’s
disease, the effectiveness of treatment with levodopais controversial (Lu et al. 1994).

In arecent review, Pal et al (1999) described the clinical syndrome of Mn neurotoxicity as being
roughly divided into three stages based on the predominant manifestations: i) behavioral changes,
ii) the specific features of manganism, and iii) dystonia accompanied by severe gait problems.

Early symptoms of neurological damage that can be attributed to manganese may include
subjective symptoms, sometimes associated with fatigue, headache, muscle cramps, lumbago, a
loss of appetite, apathy, insomnia or drowsiness, a loss of memory, reduced concentration,
reduced libido, impotence and reduction in speed of movement (Pal et a. 1999). Other authors
aso report sadness, a changed gait, fine tremors, lassitude (an individual’s progressive loss of
strength), weakness in the legs, anorexia, nervousness and irritability (Fairhall 1957; Rodier 1955;
Whitlock et al. 1966; Mena et al. 1967; Tanaka & Lieben 1969; Sjogren et a. 1996; Pal et al.
1999). These signs are frequently accompanied by aggressive or destructive behaviors and strange
compulsive activities such as laughing or spasmodic uncontrollable outbursts or impulses to sing
or dance. Patients are aware of their situation but are unable to control their behavior (Rodier
1955; Schuler et al. 1957; Mena et a. 1967; Emara et a. 1971, Abdel-Hamid et al. 1990;
Wennberg et a. 1991; Chu et al. 1995; Pal et a. 1999).

Subsequently, extrapyramidal signs appear. Speech becomes slow or hesitating, without tone or
inflection, a dull facial expression without emotion often interrupted by a spasmodic laugh or a
dystonic grimace, slow and awkward limb movement, difficulty writing (Rodier 1955; Schuler et
al. 1957; Mena et a. 1967; Tanaka and Lieben 1969; Smyth et a. 1973; Yamada et al. 1986; Ky
et al. 1992; Wennberg et al. 1991; Hochberg et al. 1996; Mergler and Baldwin, 1997, Pal et al.
1999). The atypical signs of Parkinson’s disease may a so include difficulty getting out of alow
chair, anteropulsion, retropulsion and torsion en bloc. Patients show particular difficulty in
walking backwards because they become unstable and tend to fall (Huang et al. 1989; Pal et al.
1999).

In the most advanced cases, patients develop a syndrome similar to Parkinson’s disease that is
often accompanied by severe dystonia of the trunk and extremities. Walking becomes difficult
and a characteristic erratic gait develops, “cock-walk”, with the patient walking on his toes with
his arms bent and body leaning forward (Huang et a. 1993, 1998; Pal et a. 1999; Calne et al.
1994).

The muscles become hypertonic and voluntary movements may be accompanied by dight tremors
(Chu et a. 1995; Mergler and Baldwin 1997). In some cases, psychological disturbances called
manganese psychosis and manganese mania precede or accompany the final stages of the disease
(Rodier 1955; Menaet al. 1967; Cook et al. 1974; Mergler and Baldwin 1997).

Some clinical symptoms as well as magnetic resonance imaging (MRI) and positron-emission
tomography (PET) tests can help differentiate manganism from Parkinson’s disease. Barbeau
(1984) noted that hypokinesia and tremors in patients with manganism differ from those in
Parkinson's. Calne et al. (1994) also noted other differences with Parkinson’s disease: psychiatric
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disturbances early in the disease, “cock-wak”, a propensity to fall when moved, less frequent
tremors at rest, more frequent dystonia and the lack of response to certain medications used in
Parkinson’s disease. Other pathological differences have also been described (Barbeau 1984;
Beuter et a. 1994; Calneet a. 1994; Pal et a. 1999).

The majority of cases of manganism reported in the literature came from operations in mines
where concentrations were extremely high and could reach 900 mg/m® (Flinn et al. 1990; Rodier
1955) or in foundries (Whitlock et al 1966; Smyth et al. 1973). Schuler et a. (1957) documented
chronic Mn poisonings in miners exposed chronically and in which one third of the air samples
exceeded 5 mg/m®. The latency period varies from a few months to a few decades. Some
symptoms of manganism can improve following treatment, but this situation is normally of short
duration and brain damage is not only permanent but tends to progress, even after the exposure
ends (ATSDR 2000). The main symptoms encountered in the workplace outside mines are less
severe than manganism and are mainly related to difficulty keeping hands steady, doing rapid
hand movements, and keeping one's balance, thus suggesting that the effects are related to the
exposure concentration (ATSDR 2000). Several case studies are reported in the literature.

Tanaka and Lieben (1969) reported 7 cases of manganism and 15 cases at the diagnosis limit in
144 workers exposed to manganese dusts or fumes at concentrations above 5 mg/m®. No case was
reported in 48 workers exposed to less than 5 mg/m®.

4.4.3. Differences and similarities between manganism and Parkinson’ s disease

The characteristics of clinical manganese neurotoxicity resemble those of idiopathic Parkinson’s
disease. Nonetheless, a careful analysis of manganese poisoning cases by Calne et a. (1994) and
Feldman (1999) revealed clinical, pathological, pharmacological and imaging differences.

Similarities in the clinical landscape include the presence of generalized bradykinesia and
extensive rigidity, while the dissimilarities are represented in manganism by: a) less frequent
tremors at rest; b) more frequent dystonia; c) a particular tendency to fall backwards; d) failurein
obtaining a sustained therapeutic response with antiparkinson drugs; and €) failure to detect a
capture reduction of fluorodopain the PET-scan.

On the anatomo-pathological aspect side, the few autopsies carried out on cases of Mn-induced
Parkinson’s disease mainly demonstrated degenerative lesions of the globus pallidus and “sub-
thalamic nucleus, caudate nucleus and the putamen, with less frequent and less severe injury to
the substantia nigra. Thisis a manifestation typically different from that of idiopathic Parkinson’'s
disease in which the substantia nigra is typicaly involved and the pallidostriatal complex is not
involved (Yamada et al. 1986). The globus pallidus is known as being sensitive to energy
deprivation and to abnormal excito-toxicity injury and it contains neurons and dopaminergic
receptors. However, even though manganism and Parkinson’s disease seem to be two different
entities, several observations have been made in the past on the possible role of manganese
exposure in the etiology of Parkinson’s disease.

In fact, even though Parkinson’s disease is one of the most common neurological diseases, its
etiology is still unknown and the hypothesis of an interaction between environmental factors and
an individual genetic susceptibility has been raised (Calne 1983; Bleecker 1998; Zuber and
Alperovitch 1991). In particular, a possible relationship between Parkinson’s disease, agricultural
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work and the use of pesticides has been suggested (Barbeau et a 1987; Hertzman et a 1990;
Goldsmith et a 1990; Semchuck et al 1992; Engel et al. 2001; Di Monte et al. 2002).

4.4.4. Treatment

Starting with the hypothesis that the main mechanisms of neurotoxicity are free radicals and the
oxidative stress that they generate, some studies have examined the possible benefits of
antioxidant agents in neurobehavioral deficits with very variable degrees of success.

It is aready known that antiparkinson drugs may have a positive effect on manganism’'s
symptoms and signs, but these positive effects are only temporary and usually of short duration.
Some authors have attributed these temporary benefits to the placebo effect (Lu et a 1994).

Chelation therapy, mainly using CaNaEDTA, has been used with variable success in acute and
chronic cases of poisoning (Discalzi et al. 2000; Hernandez et a 2002; Komaki et a 1999;
Fitzgerald et a 1999).

The main treatment therefore consists of stopping exposure in the early phase of the illness when
the signs and symptoms appear to be still reversible. This requires detection of the early signs.

4.45. Early neurological effects

It has been suggested that the health effects, particularly on the central nervous system, occur in a
“continuum of dysfunction” which would be dose-related (Mergler et al. 1999; ATSDR 2000;
ACGIH 2001). In other words, slight and imperceptible effects may be caused by low but
physiologically excessive quantities of Mn and these effects increase in severity when the
exposure level and the exposure duration increase. Mergler et a. (1999) have described the
progression towards manganism as a slow deterioration in well-being, which can initialy be
detected as early neurofunctional changes detectable solely in exposed groups; later, as individual
preclinical and then clinical signs; and finally, as a complete neurological disease, manganism,
whose development depends on the exposure dose, the exposure duration and individual
susceptibility.

The epidemiological and case studies reported in this section address this continuum of
dysfunction and help revea the apparent dose-response relationship. It is clear that chronic
exposure to very high concentrations of manganese may lead to permanent neurological damage,
as seen in the cases of highly exposed miners who develop manganism. Chronic exposures to
much lower concentrations such as those currently found in the workplace have been associated
with different neurological deficits including the capacity to perform rapid hand movements,
some loss of coordination and balance, and an increase in symptoms such as forgetfulness,
anxiety or insomnia. However, the minimum level is still not known where no effect occurs on
the central nervous system (NOAEL) following chronic exposure to a low concentration. Only
the epidemiological studies most frequently cited in the literature will be reported in this
document. These early neurotoxic effects have been reported at exposure concentrationsin the air
of 0.027 mg Mn/m®to 1 mg Mn/m?°.
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A group of 60 welders from 3 different plants (20 per plant) were studied by Chandra et a (1981)
and paired with 20 unexposed workers. The eectrodes used in plants A, B and C contained 2.10%,
0.55% and 0.45% manganese respectively, while the mean concentrations of Mn in the breathing
zone were 0.31 (0.044 to 0.99), 0.57 (0.50 to 0.80) and 1.74 mg Mn/m® (0.88 to 2.6) respectively.
Several welders complained of lung problems and insomnia. The average age was 42.6, 43.1 and
35.7 years respectively. The average seniority in plant A was more than 10 years. In plant B, 3
welders had less than 2 years of seniority, and the others had more than 20. In plant C, half of the
welders had been there for less than 10 years and the other half for more than 15 years.
Neurological tests demonstrated abnormal functionsin 5 workersin plant A, 10in plant B, and 9in
plant C, respectively. The authors reported only recent exposures without being able to document
past exposures. Nevertheless, 40% of the welders showed abnorma neurological functions at a
maximum documented concentration of 2.6 mg Mn/m.

Among the studies most frequently cited in the literature, Roels et a (1987a and 1987b) did a
cross-sectional epidemiological study of a cohort of 141 clinicaly healthy male workers exposed
to inorganic Mn in a plant producing Mn oxides and salts from ore. The average age of the
workers was 34.3 years (range from 19 to 59 years), and seniority varied from 1 to 19 years with
an average of 7.1 years. The results for the workers were compared to a paired control group of
104 workers without exposure to Mn. The total average concentration of Mn in the air varied
from 0.07 to 8.61 mg/m® during the study, with a respective average and median of 1.33 and 0.97
mg/m>. The authors used questionnaires and carried out standardized neurological examinations
as well as psychomotor tests (hand tremors, short-term memory, and simple reaction time). The
prevalence of subjective symptoms did not vary significantly between the controls and the
exposed workers, except for fatigue, finger tremors and irritability. The standardized neurological
examination demonstrated no difference between the exposed workers and the control groups
except for body rigidity. However, the psychomotor tests revealed that the workers exposed to
Mn had a significantly longer reaction time, performed significantly less well in the audio-verbal
short-term memory test, and had a significant difference in the prevalence of abnormal valuesin
hand-eye coordination tests and hand steadiness parameters. This study suggests that a time-
weighted average exposure value (TWA) of 1 mg/m® of Mn for total dust may result in the
appearance of preclinical pulmonary and CNS effects in workers exposed for less than 20 years.

Iregren (1990) carried out a study on 30 workersin Swedish foundries paired with a control group
of 60 unexposed people. The inhalation exposure concentrations varied from 0.02 to 1.4 mg/m®
of total dust with a median of 0.15 mg/m® of total dust, and the exposure time varied from 1 to 35
years with an average of 9.9 years. Neurobehavioral and manua dexterity functions were
evaluated and significant differences in relation to the control group were reported for the simple
reaction time and manual dexterity. The performances were also not as good for exposed workers
in the rapid alternating hand movement tests. Effects had been noted at exposures below 0.2 mg
Mn/m?® of total dust.

More recently, Roels et al. (1992) carried out another cross-sectional epidemiological study on 92
male workers exposed to MnO, in a dry battery manufacturing plant. The average age of the
workers was 31.3 years (22.0 to 49.6) with an average seniority of 5.3 years over arange from 0.2
to 17.7 years. The results were compared to a paired control group of 101 unexposed workers.
The geometric mean of the exposure concentrations was 0.215 mg Mn/m? (0.021 to 1.317 mg
Mn/m®) for the respirable fraction and 0.948 mg Mn/m® (0.046 to 10.840 mg Mn/m°) for total
dusts. In this study, the total dust concentrations were strongly correlated with the respirable
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fraction corresponding on average to 25% of the Mn content of the total dust. The lifetime
integrated exposure value for Mn exposure in the respirable fraction was evaluated for each
worker and is therefore expressed as mg Mn/m®-year. The geometric mean of the respirable dust
concentrations was 0.793 mg Mn/m*-year with a range from 0.040 to 4.433 mg Mn/m>-year,
while the geometric mean for total dust was 3.505 mg Mn/m*-year with a range from 0.191 to
27.465 mg Mn/m>-year.

On a group basis, the blood (0.81 vs 0.68 pg/100mL) and urinary (0.84 vs 0.09 ug/g creatinine)
Mn concentrations measured in the study of Roels et a. (1992) were higher than those in the
control group. However, on an individual basis, no significant correlation was found between
these biological parameters and different external parameters such as the exposure duration or the
integrated exposure. On a group basis, they found a significant relationship between the level of
urinary Mn and the level of Mn in the air. The analysis of questionnaires on perceptions of
neurotoxic problems showed no significant difference between the exposed workers and the
control group. However, the exposed workers performed less well on severa tests. In fact, the
exposed workers showed a significantly longer visual reaction time than the control group. The
results for five eye-hand coordination parameters were more erratic in the exposed workers than
in the control group. Also, the results measuring hand steadiness demonstrated a systematic
tendency towards higher hand tremor results. Even though the workers exposed to Mn performed
less well in the audio-verbal short-term memory tests than the control group, the average scores
relating to memory and word recognition were not significantly different. From the analysis of
these results, the authors concluded that hand tremors represent the most appropriate parameter
for defining an exposure limit. They concluded from their study that lifetime integrated exposure
to total dusts of Mn greater than 3575 ng Mn/m>-year or respirable dusts greater than 730 pg
Mn/m®-year may lead to an increased risk of tremor. This quantity corresponds to an average
exposure to Mn in respirable dust of 37 pg Mn/m® for a period of 20 years. From these results,
Roels and Lauwerys (1992) suggested a TWA of 90 pg Mn/m® of total dust or 18 pg Mn/m® of
respirable dust for standards of 8 hours per day and targeting a career of 40 years. These levels
aim to protect the mgority of workers from developing early neurotoxic effects related to
occupational exposure to Mn.

Chia et a (1993a et 1993b) studied two small groups of workers (N=17, N=13) from two paired
manganese plants (N=17 and N=18) to maintenance workers in a hospital and manual workers
without exposure to neurotoxic agents. The average exposure was 7.4 years and, before 1985, the
exposures exceeded 5 mg Mn/m?. For the 1981 to 1991 period, the average exposure was 1.59 mg
Mn/m®. In afirst article, they reported that the exposed workers did not perform as well as the
controls in motor function, memory and other intellectual function tests. In a second article, the
researchers reported that the postural stability of exposed workers was not as good as for the
control group. These studies provided little information on the effect of exposure concentrations
since the exposures were drastically reduced during the period of the study and the reported blood
and urinary Mn concentrations were much higher than in the other studies found in the literature.

Mergler et al. (1994) did a cross-sectional epidemiological study in a ferromanganese and
silicomanganese alloy plant on a cohort of 115 paired workers. The workers were exposed to
manganese fumes and dusts. The total dust level varied from 0.014 to 11.48 mg/m® (median of
0.151 mg/m?® and arithmetic mean of 1.186 mg/m°) while the respirable dusts ranged from 0.001
to 1.273 mg/m® (median 0.032 mg/m® and arithmetic mean of 0.122 mg/m°). All the dust levels
reported had been evaluated as stationary samples. The average age was 43.4 + 5.4 years with an

Synthesis of scientific knowledge on the health risks following
occupational exposure to manganese
October 2003 Page 18



average exposure duration of 16.7 years + 3.2 years. The exposed workers showed statistically
higher levels of blood Mn (1.03 vs 0.68 pg/100mL) but no significant difference in urinary
manganese was measured. The authors reported differences in the symptoms reported, in the
emotional state, particularly tension, anger, fatigue and confusion. Some motor functions were
modified in relation to the controls, particularly in rapid alternating hand movements. Cognitive
flexibility and the olfactory perception threshold were also different in the groups of exposed
workers. Damage to the central nervous system occurs according to a continuum of effects.

Lucchini et al. (1995) carried out a study on a cohort of 58 asymptomatic workers in a ferroalloy
plant. Seniority varied from 1 to 28 years (average 13 + 7) and the exposure to total MnO, dust
varied from 0.070 mg/m® to 1.59 mg/m®>. Over the last 10 years, exposure had been reduced to a
range from 0.027 mg/m® to 0.270 mg Mn/m® in total dust. The workers were examined during a
forced temporary layoff over a period of 1 to 42 days following the last exposure. The authors
found a correlation between blood Mn levels and performances in addition, finger tapping, and
number and symbol memory tests. However, no correlation was found for the reaction time test.
It isthe only study in which a correlation was found between urinary and blood concentration and
lifetime cumulative exposure. According to the authors, this situation may possibly be due to the
fact that it is the first study involving workers no longer exposed to Mn in the recent past (1 to 42
days), particularly when the correlation coefficients increased in relation to the time without
exposure.

Sjogren et al. (1996) studied the effects on the nervous systems of welders exposed to manganese
or duminum. For manganese, 12 welders whose average age was 40.4 years (range from 27 to
61 years) were evaluated. Each had worked for more than 100 hours with electrodes with a high
manganese content (22 to 24% Mn in the fumes) and less than 25 hours with lead and auminum,
two other neurotoxic substances. The average exposure to manganese was 270 hours (100 to
1760 hours) and the welders showed reduced motor function in several tests despite the fact that
their blood manganese level was no higher than in the controls. The results for these welders
were not as good as for the controls for sleep disturbances, finger tapping speed, hand dexterity,
and memory. These results corroborate those obtained by these researchersin their 1990 study.

In another study, Lucchini et al. (1999) looked at the neurotoxic effects associated with long-term
exposure to increasingly lower concentrations of Mn oxides (MnO, and Mn;O,) in a ferroalloy
plant with a cohort of 61 workers paired with 87 unexposed controls. The mean concentrations of
dust changed in the company from 1981 to 1997. In the furnace zone, the geometric mean of the
total dust concentrations dropped from 1597 pg Mn/m?® in 1981 to 239 ug Mn/m® in 1997. In the
casting area, the concentration increased from 151 to 255 ug Mn/m?>. In the welding operations, it
dropped from 167 to 54.7 ug Mn/m® during the same period.

The researchers divided the group into three: high exposures with mean concentrations of Mn in
the total dusts that dropped from 1.6 to 0.165 mg Mn/m?®, average concentrations (0.151 to 0.067),
and low concentrations (0.057 to 0.012). The Mn content in the total dust corresponded to
approximately three times the geometric mean and 2.6 times the arithmetic mean of that in the
respirable dust. The blood and urinary manganese levels were significantly higher in the exposed
individuals than in the controls. The researchers noted much fewer complaints from the workers
than in the study of Mergler et a. (1994).
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The performances of these workers, who had been tested in 1990 and 1991, did not improve over
time or with the reduction in the exposure level. An average cumulative exposure index (CEIl)
was determined for each worker and the cumulative geometric mean index was 1205 ug Mn/m*-
year. Significant differences in several neurotoxic tests were noted between the groups with alow
CEl (<0.5 mg Mn/m*-year), average CEIl (0.5 to 1.8 mg Mn/m>-year) and high CEIl (>1.8 mg
Mn/m>-year).

A higher prevalence of symptoms was established for exposed workers than for the control group
for irritability, loss of balance and rigidity. The tremor parameters, including the central
frequency and its dispersion, were statistically different in the exposed workers. The mator
functions of rapid aternating movement coordination and memory functions were reduced. A
dose-effect relationship was observed between the cumulative exposure index and some of the
test results. The authors concluded that for the worker to be protected by the exposure throughout
his professional life, the mean concentration should be less than 100 ug Mn/m? in total dust and
38 ng Mn/m?® in respirable dust.

Gibbs et a. (1999) studied a cohort of 75 workers exposed to Mn in an American electrolytic
metal production plant, paired with controls. Persona exposure levels were established for each
of the 12 types of jobs (Mn in total and respirable dusts) and the mean exposure was 0.066 £0.059
mg Mn/m® in respirable Mn (median of 0.051 mg Mn/m?) and 0.18 + 0.21 mg Mn/m® (median of
0.086 mg Mn/m°) in total dusts. The answers to a questionnaire were similar for the exposed
individuals and the control group. The study of Gibbs et al. (1999) is the first that does not report
any effects on the central nervous system of workers exposed chronically to manganese.

Iregren (1992) reviewed psychological tests for neurotoxic effects and reported a consistent
image of the effects on the rapidity of response, motor functions and memory. The consistency of
that image is somewhat weakened by the results of Lucchini (1992) and Mergler (1992) which do
not always demonstrate a consistent sensitivity for the rapidity of response, motor function and
memory tests. In asecond review involving 13 studies, Iregren (1999) concluded that each study,
taken individualy, has deficiencies, but that overal, 12 of the 13 studies indicate effects
attributed to Mn exposure. He concludes that these effects are encountered even at concentrations
below 0.2 mg Mn/m® in total dusts. The author reminds us that the tests used in these early
screenings are significant in group studies but cannot be used to evaluate an individua worker.
Mergler and Baldwin also published such areview in 1997.

4.4.6. Reversibility of neurotoxic effects

Few data are available on the reversibility of the neurotoxic effects associated with chronic Mn
overexposure. The researchers believe that the effects are rather irreversible (Ellenhorn and
Barceloux 1988). However, there is some evidence that recovery may occur when the exposure
stops (Smyth et a. 1973). Antiparkinson drugs such as levodopa have been able to reverse some
of the neuromuscular signs of manganism (Ejima et a. 1992; Rosenstock et al. 1971), but these
drugs have several side effects and reports indicate that they do not improve the patients
neurotoxic symptoms (Calne et al. 1994; Chu et al. 1995; Cook et al. 1974; Ellenhorn and
Barceloux 1988; Haddad and Winchester 1990; Huang et al. 1989). The ATSDR review (2000)
reports that symptoms of manganism can be improved by certain medical treatments, but the
improvement is generally temporary and damage to the brain permanent.
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Huang et a (1993, 1998) documented the progression of manganism in five workers chronically
exposed to Mn in the ferroalloy sector. These workers were examined up to 10 years after the
cessation of all exposure and the average score for Parkinson’s disease went from 15.0 £ 4.2 in
1987 t0 28.3 £ 6.7 in 1991 and then to 38.1 +12.9 in 1995 for their patients then between 48 and
56 years of age and after 3 to 13 years of lifetime exposure. The examination showed a continual
deterioration in health status in gait disturbance, foot tapping speed, rigidity and in writing.
Bradykinesia, getting up from a chair, and stability had also deteriorated. Muscle pain, cramps,
oral expression, fatigue, and difficulty sleeping and writing also tended to deteriorate. Even
though high Mn levels were found in biological fluids at the initial diagnosis, withdrawal from
exposure for a prolonged period led to a return to low levels of Mn in biological fluids. Analysis
using magnetic resonance imaging showed no region with an abnormally high Mn concentration.
These results show that the disease continues to progress even 10 years after leaving the
workplace.

Roels et a (1999) carried out an eight-year longitudinal study on the same cohort as that studied
in 1992 in order to determine the reversibility of three neurotoxic effects. hand-eye coordination
(HEC), hand steadiness (HS), and simple visua reaction time (SVRT). The control group
consisted of 37 workers in a neighboring company where manganese exposure was zero. The
workers were followed as the ambient concentrations were better controlled, and therefore the
workers were increasingly less exposed. In addition, during this period, some of the workers left
the company and were integrated into the study so that the effect of total absence of exposure
could be measured. The cohort became smaller during the study but no departure was related to
neurological symptoms or signs. The overall reduction in exposure went from approximately 800
ug Mn/m? in 1987 to approximately 250 ng Mn/m? in 1995. The workers were divided into three
groups based on their exposure level: the group (n=23) with low exposure to total dusts (0.16 to
0.31 mg Mn/m®), the median exposure group (n=55) from 0.25 to 0.90 mg Mn/m?, and the high
exposure group (n=14) from 1.2 to 3.0 mg Mn/m® in total dust. The average age was 38.5 years
(range from 32 to 51 years) and exposure data were available for personal sampling for total and
respirable dusts.

From this study, Roels et a. (1999) concluded that the tests used were reproducible and reliable
throughout the study. They also demonstrated that past severity of the Mn exposure determined
the relative significance of the lossin precision in hand and forearm movement (HEC) in exposed
workers as compared to the control group as well as their recovery potential. The authors noted a
deterioration in the precision of hand-arm movements between 1987 and 1990 and then a
subsequent improvement. In fact, in the two most exposed subgroups, recovery was only partial
following a high reduction in exposure, while it was total in the less exposed group,
demonstrating a partially reversible effect for this parameter. However, for the two other tests, HS
and SVRT, no recovery was noted, suggesting that these conditions are irreversible. The study on
ex-employees of this company confirmed the results obtained, namely that one of the three effects
is partially reversible, while the two others are irreversible.

Synthesis of scientific knowledge on the health risks following
occupational exposure to manganese
October 2003 Page 21



5. CURRENT STANDARDS AND RECOMMENDATIONS

5.1 Current standards

Several countries have established standards for exposure to manganese in the air.

These

standards have force of law and companies must comply with these levels in laws relating to the
quality of the work environment. Each of the countries has its own process for determining the
level of its standards. A few of these standards are listed in Table 1 and include the quality of

workplace air and of the general outdoor atmosphere.

Table 1: Standards of afew countries relating to manganese and its compounds

Substance Organization/ TWA/STEL Explanations References
country mg Mn/m?
Fumes CSST/Québec 1.0/30 RSST 2001
HSE/Great Britain ATSDR 2000
Fumes OSHA/ U.S. 5.0 Ceiling value OSHA 1998 (29 CFR
1910.1000) (Table Z-1)
Total dusts CSST/Québec 5.0 RSST 2001
HSE/Great Britain ATSDR 2000
Mn cyclopenta- CSST/Québec 0.1 Percutaneous absorption RSST 2001
dienyl OSHA 1998 (29 CFR
tricarbonyl OSHA / U.S. 1910.1000) (Table Z-1)
Manganese CSST/Québec 0.2 Percutaneous absorption RSST 2001
methyl cyclo-
pentadienyl
tricarbonyl
Manganese CSST/Québec 1.0 RSST 2001
tetroxide HSE/Great Britain ATSDR 2000
OSHA/ U.S. OSHA 1998 (29 CFR
1910.1000) (Table Z-1)
Manganese NAOHS/Australia 1.0 Dusts and fumes ATSDR 2000
Manganese EPA BANNED EPA 1978, 1979, 1981,
methy! cyclo- 1995a
pentadienyl
tricarbonyl
Elementary Mn OSHA/ U.S. 5.0 Ceiling value OSHA 1998 (29 CFR
and inorganic 1910.1000) (Table Z-1)
compounds
Elementary Mn Germany 0.5 MAK value DFG 2000
and inorganic
compounds
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5.2 Current guidelines

Some organizations such as the ACGIH, EPA and WHO do literature reviews in order to
integrate the most recent scientific knowledge into the evaluation procedure for human health
risks and for levels that would be safe for maintaining the health of the majority of workers
throughout their professional careers or of the general population including children and senior
citizens for their entire lives. Such organizations have proposed guidelines without force of law
that are not standards but that aim, based on current scientific knowledge, to establish levels that
should not be exceeded so as not to compromise the health of workers or the general population.
The current trend in these organizations or groups of researchersis to prevent early injury to the
central nervous system and to other target organs.

Table 2 below presents some of these values relating to occupational exposure to manganese as
well as the exposure of the general population to environmental pollution.

Table 2: A few guidelines for manganese exposure

Organization Environment Description Guiddine Reference
mg/m?

WHO Workplace Respirable dusts | 0.30 WHO 1986

WHO Outdoor air Quality of the 0.00015 WHO 1997
outdoor air
(annual average)

ACGIH Workplace Total dusts 0.2 ACGIH 2001
Respirable dusts | 0.03 (under ACGIH 2002
(under consideration) (notice of
consideration) intended changes)

EPA Outdoor air Quality of the 0.00005 IRIS 1998
outdoor air

NIOSH Workplace Dustsand fumes | 1.0 NIOSH 1997

NIOSH Workplace Dusts and fumes- |3.0 NIOSH 1997
STEL

The reasoning used by these organizations to come to these proposed values is described briefly
here based on the ACGIH example.

The ACGIH (2002) is currently considering the possibility of reducing its proposed TLV to go
from 0.20 mg Mn/m® in total dust to 0.03 mg Mn/m? in respirable dust for a worker working 40
hours per week. This proposed change, currently under study, is based first on the prevention of
early neurotoxic effects but also on the prevention of respiratory and reproductive effects. At the
present time, a dose-response relationship could not be established from all the epidemiological
studies available, but early signs of central nervous system injury by inhalation have been
observed at levels from 0.027 to 1.0 mg Mn/m? (Chia et a. 1993a, 1993b, 1995; Iregren 1990;
Lucchini et al. 1995; Mergler et a. 1994; Roels et al. 1987a, 1992; Wennberg et al. 1991) while
cases of manganism have been reported at levels as low as 2 to 22 mg/m® (Cook et al. 1974;
Rodier 1955; Saric et a. 1977; Schuler et a. 1957; Tanaka and Lieben 1969; Whitlock et .
1966). These neurotoxic effects were observed following exposures varying from 1 to 35 years
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(Schuler et a. 1957; Whitlock et al. 1966; Tanaka and Lieben 1969; Cook et al. 1974; Saric et a.
1977; Roels et a. 1987a, 1992; Iregren 1990; Wennberg et al. 1991; Chia et al. 1993a, 1993b,
1995; Mergler et al. 1994; Lucchini et al. 1995). In the case of manganese, Roels' studies, which
were corroborated by several other studies, are the most used ones, and the magjority of the
organizations use these results as a basis for proposing target values based on their respective
approaches.
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6. CONCLUSION

Manganese is an essential trace element, but occupational overexposure to manganese may lead
to disturbance in homeostatic control and produce different health problems: injury to the centra
nervous system, lung problems and reproductive effects.

The most serious damage is to the central nervous system and an overexposed worker may
develop an occupational disease called manganism. Many cases have been reported in the
literature and the mgjority of them were at very high exposures in the mining industry. Cases
were also reported in foundries and with welders at lower concentrations of 2 mg Mn/m® or more.
This disease develops progressively, and studies over the last 15 years have revealed a series of
early effects on the central nervous system at concentrations below 1 mg Mn/m® in total dusts.
From the studies of Roels and Iregren, the ATSDR (2000) determined a NOAEL of 0.07 mg
Mn/m? in respirable dust. This value is confirmed by the study of Gibbs (1999) in which no
effect was observed at a median concentration of 0.051 mg Mn/m®.

Current Québec standards are similar to the American, British and Australian standards but the
organizations and groups of researchers in this field currently favor making these standards more
restrictive in order to take into account early effects on the central nervous system.

Although work-related neurotoxic risks today rarely reach the level of the pathologies of previous
decades, exposure to manganese can still cause changes in certain higher brain functions of the
CNS. The corollary isthat a series of tests should be assembled that are capable of evaluating the
cerebral integration functions that are affected the earliest during chronic exposure to manganese.
These batteries of tests could be used for detecting early signs and symptoms of poisoning and
aso for the medical monitoring of workers with early signs and symptoms and who could be
removed from work or moved to work areas where the exposure is lower and acceptable.

A complete program to strictly control occupational exposures remains the best means of
prevention for avoiding health effects caused by manganese in the workplace.
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