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Literature Search Strategy
The authors of the IEH/IOM report (2002) commissioned a literature search using
Datastar:
Medline (1966+), Embase (1974+) and Toxfile (1966+) in December 2001, with a
further update search being performed in August 2002.
Search terms used.

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
Femanganese
Ferromanganese
Ferrosilicomanganese
FeSimanganese
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
3

Mn2(SO4)3
MnCl2
MnO
MnO2
manganese sulfate
Na3MnO4
Polianite
Potassium manganate VII
Potassium permanganate
Potassium VII manganate
Pyrochroite
Pyrolusite
Ramsdellite
Silicomanganese
SiMn
Sodium manganate
Terms for manganese and its compounds were searched for using the
Boolean search term ‘AND’, combined with SET 1 below. The toxicity
terms in SET 2 below were searched for ‘in the same sentence’ as the
terms for manganese. No year limits were applied.
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.
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Carcinogen$5.ti,de,ab.
Cytotoxic$5.ti,de,ab.
Neurotoxic$5.ti,de,ab.

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.
A second literature search was also commissioned by Harlan covering the
period from 1959 to May 2009.
The databases Medline, Embase, Biosis, HCAPLUS and Toxcenter were
searched using STN and relevant manganese substances searched by
CAS no:
7439-96-5, 1344-43-0, 1313-43-0, 1317-35-7, 598-62-9, 7785-87-7,
10377-66-9, 7773-01-5, 18820-29-6, 69012-28-8, 69012-33-5, 69012-493, 796740-23-3 or 796740-22-2 or 12518-52-4, 161162-70-5 or 12032-858.
The following queries were used with the Boolian search term ‘OR’
Query 1
Adverse effect#
Toxic?
Reproduct?
Neurotox?
Genotoxic?
Carcinogen?
Sensiti!at?
Teratogen?
Irritat?
Query 2
Mutagen?
Fertility, Developmental, Health effect#
Toxicity-test###
Mutagenicity- test ###
Poison?
manganese -poisoning
A third query was also made in the same databases:
Sensiti!at?
Irrit?
5

Local lymph node
Murine
Guinea pig maximiza!ion
LLNA
Skin
Dermal
Buehler
Magnusson (1W) kligman
Reference lists from various review documents were also referred to.
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1

Executive Summary

A fair body of evidence stemming from human (epidemiological) cohort studies
indicates that occupational and to a lesser extent environmental manganese
exposures induce neurotoxic effects in man. This report aims at i) the evaluation
of data relating to the neurotoxicity of inorganic manganese compounds, ii) the
analyses of exposure-effect relationships between some inorganic manganese
manganese and neurofunctional alterations, and iii) the identification of a no
observable adverse effect level (NOAEL) for the major route of manganese
exposure, i.e. inhalation.
The aggregated data from a recent meta-analytical analysis (Meyer-Baron et al.,
2009) taking into account thirteen human cohort studies examining a total of 958
exposed and 815 unexposed study participants revealed mean concentrations of
inhalable manganese in the range from 50 to 1590 µg/m3, and mean
concentrations of manganese in blood ranged from 8.1 to 48.4 µg/L.
The overall effects displayed a negative impact of manganese on neurofunctional
performance parameters. Significant overall effects were obtained for six test
variables; as aggregated in the study by Meyer-Baron et al. (2009) their effect
sizes ranged from - 0.23 to - 0.36. Four of the variables measured motor speed
and two of them speed of information processing. The evidence of cognitive and
motor performance effects is in accordance with the knowledge about
accumulation of manganese in the basal ganglia and the effect of manganese on
the neurotransmitter dopamine, and supported indirectly by data from several
high dose manganese studies in laboratory animal revealing neuronal injury.
Inconsistencies in the relationship between effect sizes and the concentration of
manganese, in blood or urine, were identified in several human cohort studies. In
contrast, consistent exposure-effect relationships have been identified when
9

respirable manganese was used as the exposure parameter. Under these
conditions, the analysis of exposure-effect relationships showed that larger effect
sizes were generally associated with higher concentrations of respirable
manganese.
A number of suitable occupational cohort studies were identified for the extraction
of a reliable NOAEL value for respirable manganese-induced neurotoxicity in
humans. Thus, the analysis of the studies by Gibbs el al. (1999, NOAEL = 66
µg/m3), Deschamps et al. (2001, (NOAEL = 57 µg/m3), and Young et al. (2005,
NOAEL = 58 µg/m3) yielded with reasonable reliability an overall NOAEL of 60
µg/m3 for neurotoxicity of respirable manganese in humans. Moreover, Myers et
al. (IEH/IOM Report (2004)) calculated a NOAEL in the range of 40 – 80 µg/m3.
In addition, the study by Roels et al. (1992) yielded a “study observed effect level
(“sOEL”)” of 215 µg/m3 for respirable manganese (MnO2). Considering this value
as representative of a LOAEL and applying a transformation factor of 0.1 for the
conversion of a LOAEL to a NOAEL (IEH/IOM Report (2004)) may yield the
equivalent of a NOAEL calculated from these data of 21.5 µg/m3, a value slightly
below that abstracted from the other studies above.

June 2nd 2010

____________________
(Prof. J. Gut)

10

2 Key to Abbreviations
Mn

Manganese

MnU

Manganese in urine

MnB

Manganese in blood

MnHair

Manganese in hair (scalp or pubic)

MnAc2

Manganese acetate

MnInh

Manganese inhaled

MnResp

Manganese respirable

MnRBC

Manganese in red blood cells

MnDust

Manganese in dust

NOAEL

No observed adverse effect level

LOAEL

Lowest observed adverse effect level

BMD

Benchmark dose level

BMDL

Lower one sided confidence limit of BMD

DA

Dopamine

NE

Norepinephrine

5-HT

5-Hydroxytryptamine

HVA

Homovanillic acid

GFAP

Glial fibrillary acidic protein

MAO

Monoamine oxidase

DOPAC

Dihydroxyphenylacetic acid

DBH

Dopamine beta hydroxylase

GSH

Glutathione

DHAA

Dehydroascorbic acid

GABA

Gamma amino butyric acid

MMT

Methylcyclopentadienyl manganese tricarbonyl

NOS

Nitric oxide synthase

DAT

Dopamine transporter

NO

Nitric oxide

LDH

Lactate dehydrogenase
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ADHD

Attention Deficit Hyperactivity Disorder

MRI

Magnetic resonance imaging

FSH

Follicle stimulating

LH

Luteinising hormone

TST

Testosterone

CEI

Cumulative exposure index

PI

Pallidal index

TLV

Threshold limit value

EEG

Electroencephalography

EDTA

Ethylenediamine tetraacetic acid

PET

Positron emission tomography

“sOEL

“Study observed effect level”

PD

Parkinson’s Disease
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3

Current Recommended Exposure Limits for Manganese
and its Compounds

US Occupational Safety and Health Administration (OSHA). Permissible
Exposure Limit (PEL): 5 mg/m3 (ceiling), 8-hour TWA*; Mn compounds and fume.
American Conference of Governmental Industrial Hygienists (ACGIH). Threshold
Limit Value (TLV): 0.2 mg/m3 TWA*; Mn and its inorganic compounds (dust and
fume).
US National Institute for Occupational Safety and Health (NIOSH).
Recommended Exposure Limit (REL): 1 mg/m3,,, 10-hour TWA*; Mn compounds
and fume.
US National Institute for Occupational Safety and Health (NIOSH). Short Term
Exposure Limit (STEL): 3 mg/m3, 15-minutes average; Mn compounds and fume.
UK Health and Safety Executive (UK HSE). Maximum Exposure Limit (WEL): 0.5
mg/m3, 8-hour TWA*; Mn and its organic compounds.
Germany Maximum Workplace Concentration (MAK): 0.5 mg/m3; Mn and its
inorganic compounds (inhalable fraction).
__________________________
*TWA – time weighed average.
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4

Preamble

The purpose of this review is to abstract and summarise studies on human
occupational and environmental exposure to manganese (Mn) (and its
compounds) and the ensuing neurofunctional1 changes. The selection of studies
includes the most recent meta-analytical studies by Meyer-Baron et al. (2009), by
Zoni et al. (2007), and by Lees-Harley et al. (2006) on the neurofunctional effects
of occupational Mn exposure in humans, a broad overview of additional,
supporting studies on human Mn exposure-dependent neurotoxicity, according
(i.e. supporting) laboratory animal studies in vivo where appropriate, and
selected mechanistic in vitro studies.
Where appropriate, appraisals/comments on the particulars of single studies
were introduced. More often, however, appraisals/comments applicable to a
group of similar studies were introduced. The studies in humans were broadly
categorised as i) human occupational exposure studies and ii) human
environmental exposure studies (commonly associated by geography) with Mn
industrial use.
One should note here that for several human epidemiological and/or cohort
studies, both of occupational and environmental nature, it may have been
intrinsically difficult to obtain truly measured exposure dose levels in order to
relate them with the particular end-point of interest, or with its amplitude of
change. In such cases, exposure of the study participants has been calculated
(i.e. approximated) from indirect measures such as Mn environmental
concentrations at the workplace at the time period of the individuals exposure.
1

Studies use, sometimes interchangeably, a number of terms such as
“neurobehavioural”, “neuropsychological”, “neurofunctional”, “neurophysiological”, or even
“neurotoxicological” to describe effects (i.e. changes) on functions of the brain, which may occur
after exposure of individuals to manganese. Throughout this report, we use the terms
“neurofunctional” or, where appropriate, “neurological function(s)” to refer to these effects.
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Wherever possible, studies have tried to use realistic control groups that were
age-matched, of the same gender and ethnicity as the study participants, and of
similar socio-economic status. Some studies did not rely upon personal air
sampling to get an estimation of dose. Moreover, few if any of the studies
reported the exact composition of the Mn species (such as sulfates, chlorides, or
oxides) to which the study participants had been exposed. In most human
occupational and environmental studies, direct personal exposure of individuals
to Mn was derived from and quantified as MnTotal, MnResp, and MnInh; that is,
total Mn, respirable Mn, and inhalable Mn, respectively, according to the personal
sampling method(s) used in the respective studies (IEH/IOM Report, 2004).
An intrinsic complication for occupational, and possibly even more so for
environmental human exposure studies, is the fact that because of the nature of
most of the exposure workplace settings (welding, alloy manufacturing, battery
manufacturing, etc.) study participants may have been exposed to environments
of complex chemical compositions of which Mn was only one, although evidently
the most dominant component. In none of the human studies examined in this
report was the exposure atmosphere further analyzed except for Mn
components. This factor may in some cases have complicated the selection of a
truly matched study control group.

In all human studies discussed, much effort has been put into measuring Mn
content of biological samples such as blood, urine or hair, in order to positively
establish exposure to Mn and to quantify the presumed exposure-dependent
increases in Mn levels in study participants beyond the physiological Mn levels.
These samples are really dependant upon achievement of a steady state of
elevated body burden to Mn. The physiological total Mn body burden for a human
individual of 70 kg body weight is estimated at about 143 to 286 ug/kg (WHO,
1981). Of individual human tissues, liver has been reported to have Mn levels of
1.2 to 2.05 µg/g tissue (wet weight); brain, lung, and testes had much lower
levels at 0.25 to 0.64 µg/g tissue (wet weight), 0.19 to 0.48 µg/g tissue (wet
15

weight), and 0.13 to 0.2 µg/g tissue (wet weight), respectively (range of values
compiled in IEH/IOM Report, 2004). The biological half-life of Mn (at least that of
the intravenous application route) in humans was assessed in studies by Mena et
al. (1967, 1969) who investigated the total body loss of radiolabelled Mn following
an intravenous injection of 20 µCurie of

54

Mn2+ in sodium chloride (MnCl2).

Fourteen (14) healthy, working manganese miners and 13 hospitalised patients
diagnosed with chronic Mn poisoning were tested. Eight (8) healthy medical
personnel were used as controls. The half-life of
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Mn2+ was shortest in the

healthy miners (about 12 days) and longest in the chronically ill patients (about
27 days) and about 22 days in controls. 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 Mn from the blood and a corresponding
concentration in the liver. As Mn is primarily excreted via the liver, the results
were compatible with a rapid excretion of Mn by healthy workers. The increased
rate of excretion was thought to be associated with an increased body burden of
Mn 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 Mn for some time so that their body stores had largely been
eliminated. These findings were also in line with the presence of large, actively
exchanging stores of tissue Mn in healthy miners, in contrast to the controls and
patients who had very low tissue levels, such that administered Mn was first
distributed to the tissues and only then eliminated more slowly.
In contrast to a randomized double blind prospective clinical study design,
usually, as is the case with the studies examined in this report, occupational and
environmental human cohort studies, with few exceptions, are cross-sectional in
nature, participants likely are selected into cohorts sometimes after exposure
according to study criteria set by the study investigator(s), rely on reconstructed
historical exposure data that may vary in accuracy and could be incomplete, and
utilize outcomes (i.e. observed / measured effects, such as, for example,
changes in neurological function) to which neither participants, nor control
individuals, nor investigators are blinded. This type of study is subject to some
16

bias at any stage of an investigation and therefore may reduce, somewhat, the
reliability of the results in individual studies. This limitation may be overcome by
careful examination of cohort studies of slightly or largely different design that
may lead to similar changes in effect sizes at comparable exposure levels, giving
rise to similar NOAEL’s.
Human data is considered to be more relevant than animal data when attempting
to find a NOAEL for use in risk assessment in humans. In fact, over the past 15
to 20 years, a substantial amount of useful and reliable data originating from
human studies have accumulated. Therefore, in this report, the focus was on the
critical evaluation of human data. The reliability scores for animal studies in the
table at the end of the report were assigned independently when the data was
assessed for inclusion into the Mn dossiers and have not been critically
evaluated by the author of this report. For these reasons, a selection of animal
and exploratory studies has not been further evaluated.

Nevertheless, in order to corroborate findings from human studies and in order to
more precisely understand them, a broad variety of animals studies have been
performed and are addressed in this report. However, none of these studies were
conducted in order to be compliant with international guidelines for testing of
chemicals nor were the studies conducted according to Good Laboratory
Practice guidelines. These two criteria are used for the purposes of notification
and registration of new chemicals to meet worldwide legislative requirements.
The purpose of toxicity studies is to establish the boundaries of toxicity of a
product; both the dose level that can demonstrate toxicity (preferably without
morbidity or mortality) and also a dose level that demonstrates no obvious
toxicity.

With much of the data examined, the establishment of the lower

threshold (an NOAEL) was not a primary purpose of the experiment. In many
cases the process was to demonstrate an effect through use of high dose levels,
a parenteral dose administration or use of one particular Mn salt, which may not
be representative for much of human exposure.
17

5

Human Occupational Exposure to Manganese

A substantial amount of study data is available for human occupational exposure
to Mn, mostly stemming from cohort studies, pairing exposed study participants
with matched control individuals. Historically, references to Mn neurotoxicity have
been seen in the nineteenth century; in 1837 Couper described "manganism" as
characterized

by

extrapyramidal

dysfunction

and

neuropsychiatric

symptomatology. Since then this syndrome has been observed in hundreds of
cases among miners and industrial workers throughout the world who were
exposed to high levels of Mn. An early major study of workers with reported
chronic Mn poisoning was conducted in America in 1940 (Flinn et al., 1940). The
reported exposure levels from limited sampling showed Mn dust values up to
173,000 µg/m3. The range of exposures of study participants were much higher
than in any of the studies reviewed in the present report (see below). The clinical
information reported on profound neurofunctional effects and the study results
were further compounded by the general health and socio-economic status of the
workers involved in that study.
Features of Mn induced clinical manifestation of neurotoxicity, i.e. manganism,
resemble those of idiopathic Parkinsonism. However, a careful analysis of cases
of Mn poisoning by Calne et al. (1994) has revealed clinical, pharmacological and
imaging differences. The similarities in the clinical picture include the presence of
generalized bradykinesia and widespread rigidity, whereas the dissimilarities are
represented by less frequent resting tremor; more frequent dystonia; a particular
propensity to fall backwards, failure to achieve a sustained therapeutic response
to levodopa, and failure to detect a reduction in fluorodopa uptake by positron
emission tomography (PET) in manganism as opposed to Parkinsonism. By the
anatomical point of view, the few necropsy studies carried out on Mn-induced
Parkinsonism have mainly shown degenerative lesions of the globus pallidus and
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subthalamic nucleus, caudate nucleus, and putamen, with less frequent or less
severe lesions of the substantia nigra. This is a different picture to the idiopathic
Parkinson’s Disease (PD) in which the substantia nigra is typically involved, and
the strio-pallidal complex is spared (Yamada et al., 1986). Globus pallidus is
known to be sensitive to energy deprivation and to abnormal excitotoxic injury
and contains dopaminergic neurons and receptors (see section 9.1. below for
further discussion).
In general, of the studies reviewed here (that were not classified as case studies)
ten of these reported evidence of neurofunctional effects. The occupations
included welding, mine working, dry-alkaline battery production and
ferromanganese alloy production (Bowler et al., 2007; Lucchini et al., 1999;
Smyth et al., 1973; Sinczuk-Walczak et al., 2001; Suzuki et al., 1973; Tanaka et
al., 1969; Hua et al., 1991; Josephs et al., 2005; Srivastava et al., 2002;
Barrington et al., 1998; Roels et al., 1987; Roels et al., 1992). Clinical effects
were not always observed in these studies (Deschamps et al., 2001; Lucchini et
al., 1997; Myers et al., 2003b; Brown et al., 1991; Young et al., 2005, Gibbs et al
1999). The type of clinical effects that have been observed include involuntary
movements, loss of equilibrium and rigidity, autonomic changes such as
impotence and dizziness and emotional changes such as increased irritability.
Many of the studies included neuromotor, neurological and neurophysiological
evaluations. In a number of cases, deficits in functional performance were
correlated with elevations in MnB or MnU levels. In a study by Bowler et al.
(2003), there was a correlation of time spent welding with a number of
neurophysiological impairments, including verbal learning, auditory span, working
memory, cognitive flexibility, and motor efficiency. The studies are generally
looking at exposure periods of more than one year; therefore they can be
regarded as studies of chronic exposure.
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5.1

Identification of Apparent Dose-Response Relationships

All occupational studies discussed in this section of the report have been
conducted among groups of workers exposed to airborne concentrations below
(or, in exceptional cases, only slightly exceeding) the current Threshold Limit
Value (TLV) of 200 µg/m3 of Mn in total dust, as published by the American
Conference of Governmental Industrial Hygienists (ACGIH, 2007). None of the
studies were conducted at exposure levels higher than 1000 µg/m3, which is the
minimum concentration of Mn thought to be necessary to induce a clinical
recognizable picture of classical "manganism" (WHO, 1981).
In several studies (Mergler et al., 1994, Sjögren et al., 1996, Gibbs et al., 1999,
Deschamps et al., 2001, Myers et al., 2003a, Yuan et al., 2006), no dose-effect
(i.e., selected neurological function(s)) relationship was observed. In contrast,
Roels et al. (1987) classified subjects into three subgroups according to Mn
levels found in the collected blood samples (i.e. MnB) of each individual, i.e. <
1.0 µg/100ml, 1-1.5 µg/100ml, and > 1.5 µg/100ml and duration of exposure, i.e.
< 3 years, 3 – 9 years, and > 9 years. Impairment of eye-hand coordination and
hand steadiness increased steadily with increasing concentration of MnB and the
prevalence of abnormal scores for one short-term memory parameter increased
with the duration of exposure. In the following study by Roels and co-workers
(1992), the abnormal performance in simple reaction time, eye-hand
coordination, and hand steadiness increased with the cumulative integrated
exposure (CEI) of respirable (MnRes) and total (MnTotal) measured by personal
sampling. Lucchini et al. (1995) observed significant correlations between MnB
and i) the test of additions, symbol digit, digit span, and finger tapping; ii)
between MnU and additions; and iii) between the cumulative exposure index
(CEI) and the symbol digit. In a follow-up study by Lucchini et al. (1999), three
subgroups were constituted according to the CEI: low CEI (< 500 µg/m3/year),
mid CEI (500-1800 µg/m3/year), and high CEI (> 1800 µg/m3/year). The ANOVA
assessment showed a dose-effect between the CEI groups and the finger
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tapping, the digit symbol and the digit span. Regression analysis resulted in
positive association between the CEI and the same Swedish Performance
Evaluation System (SPES) tests. Bouchard et al. (2003), after dividing the
exposed group as a function of both alcohol consumption (< 400 and > or = 400g
per week) and MnB levels (< 10 and > or = 10 µg/L), observed that the subgroup
with high alcohol consumption and high MnB displayed the highest scores in the
Profile of Mood States (POMS) scales.
The subgroup with low MnB did not show differences in the POMS scores
according to alcohol consumption, while the subgroup with high MnB showed
significantly higher scores among the heavy drinkers for all the subscales (except
for vigour-activity). Moreover, ANOVA analysis showed an alcohol/MnB
interaction for depression-dejection, anger-hostility, fatigue-inertia, and
confusion-bewilderment. Myers et al. (2003b) found a significant exposureresponse relationship only for the Digit Symbol and the CEI; this relationship was
significant at lower exposure levels and not at higher exposure levels. At first
glance, this latter finding may seem contradictory. However, indirect evidence
from a recent study by Kim et al. (2007) suggested a positive correlation with
TRH and negative correlation with DA in shipyard workers with a calculated CEI
of Mn up to 2 mg/m3, while in workers with a calculated CEI above this level, the
results showed a decrease in TRH implicating Mn in a possible inhibitory
feedback control of DA on the hypophysical-pituitary axis.
Bast-Pettersen et al. (2004) divided the subjects into three subgroups according
to the MnB levels, i.e. low level group (<157 nmol/L), medium level group
(between 157 and 203 nmol/L), and high level group (>203 nmol/L). The exposed
subjects with highest MnB levels showed more tremors on the Static Steadiness
Test. As Kim et al. (1999) had previously described in a case study, Kim et al.
(2005) found that three neurofunctional tests (pursuit aiming test, finger tapping
with dominant and non-dominant hand) were significantly correlated with the
pallidal index (PI), which is a semi-quantitative method to assess Mn-related
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hyperintensities at the brain MRI scan. The correlation between MnB and digit
span backward and Benton Visual Retention and between airborne Mn (MnAir)
and finger tapping with the dominant hand and POMS-anger/hostility were of
borderline significance only. In a distinct clinical research setting, examining 10
patients with end stage liver disease (cirrhosis), Krieger et al. (1995) found a
correlation between the elevated MnB levels (34.4 µg/L (median)) in these
patients and the palladial signal intensities (PI) in MRI-based brain scanning.
Further circumstantial evidence for increased Mn dependent derangement of
brain function stems from a study by Hauser et al. (1994) in three patients with
biopsy-confirmed liver cirrhosis and elevated MnB levels (at 18.8, 20.4, and 45.0
µg/L), which all exhibited pallidal signal hyperintensities in Tl-weighted magnetic
resonance imaging (MRI).
Significant dose versus effect relationships were found by Bowler et al. (2007)
between neurofunctional variables and MnB or CEI. In particular, MnB was
significantly related to the Full Scale Intelligence (FIQ) of the WAIS-III, cognitive
flexibility,

and

executive

function

concentration/learning and memory.

working

memory,

attention

and

For CEI, significant associations were

observed for Verbal lQ (VIQ) of the WAIS-III, working memory and
concentration/learning, memory, and verbal skills. All coefficients have negative
signs indicating a consistent direction of effect: the higher the Mn values, the
worse the neurofunctional outcomes.
A logistic regression was performed to examine the relation between symptoms
and MnB or CEI. Significant associations were found between MnB and
depression, and between CEI and sexual dysfunction, headache, depression,
and fatigue.
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6

Human Environmental Exposure to Manganese

A number of community-based reviews have been conducted where there was
exposure associated with the industrial use of Mn (Bouchard et al., 2007a;
Mergler et al., 1999; Rodriguez-Algudelo et al., 2006; Torrente et al., 2005;
Wright et al., 2006; Beuter et al., 1999a; Santos-Burgoa et.al., 2001).
Measurements and quantifications of exposure in these studies were based on
various sampling methods such as airborne levels, drinking water concentrations,
and biological samples. Exposure to Mn in these studies can be considered
chronic.

Kilburn (1987) related to the examination of Birth registers for an aboriginal
population who were affected with Groote Eylandt syndrome where a variety of
defects, including neurological dysfunction, were reported. There was evidence
of elevated levels of Mn in hair (MnHair) in the population but the lack of
comparative controls and no strong correlation to laboratory studies makes this
difficult to prove a strong correlation with Mn in the environment. In a study of
children in Bangladesh, Wasserman (referenced in Zoni et al., 2007) found high
levels of well-water Mn negatively associated with intellectual function. While it is
known that arsenic is at a high concentration in the region, the authors of this
study ruled out a contribution of arsenic to the observed effect. In studies where
communities were generally exposed to Mn from local industrial use,
comprehensive cross-sectional studies have been conducted. Two of these
studies provided conflicting results in that decreased cognitive performance was
associated with elevated MnB levels in a Canadian study by Beuter et al. (1999a)
whereas, no cognitive effects were seen in a study in Tarragona (Torrente et al.,
2005) where MnHair concentrations showed such variability that the doseresponse model was equivocal.

23

Other studies (Bouchard et al., 2007a; Mergler et al., 1999; Sentürk et al., 1996;
Santos-Burgoa et. al., 2001) do report effects in neuromotor function,
learning/memory function or psychological state in the presence of increased Mn
concentrations in MnHair or MnB above the expected levels, such as about 10
µg/L of Mn in blood of unexposed human control individuals. In fact, MnB
concentrations (geometric means) in control individuals in a number of studies
typically were 12.2 µg/L (Roels et al., 1987), 8.1 µg/L (Roels et al., 1992), 10.3
µg/L (Mergler et al., 1994), and 11,9 µg/L (Lucchini et al., 1995 ). As with all such
studies, the potential for confounding factors (see below) make general
conclusions difficult to establish. Collectively, these studies seem to suggest that
neurofunctional changes as a consequence of exposure to Mn from industrial
contamination are questionable, but cannot be ruled out completely.

6.1
Environmental Studies in Adults: Apparent Dose-Response
Relationships
Beuter (referenced in Zoni et al. (2007)) observed that irregularity and Fitt's
constant of tremor measurements increased significantly with MnB. Multiple
regression analyses for the Diadochokinesimeter (DIADO) test revealed an
association between the maximum slope and log MnB for maximum cadence
with each hand separately, and a tendency for maximum cadence with both
hands together.
The same analyses with the CATSYS TREMOR showed that tremor oscillation
became more regular with increasing MnB (frequency dispersion decreased and
harmonic index increased). Bowler et al. (1999) adopted the MANOVA analyses
for the POMS and BSI scales; no significant relationship with MnB was observed
when the entire group was included. However, a significant effect of MnB/gender
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interaction and a significant MnB/age interaction for men was observed. Men
older than 50 years, in the highest MnB category (> 7.5 µg/L) reported highest
levels of nervousness, impulsive and compulsive behaviour,

and

aggression/hostility.
Mergler et al. (1999) found an association between higher levels of MnB (> 7.5
µg/L) and poorer performance for coordinated upper limb movements, on the
pointing task (EKM) and DIADO tests. A significant decrease of frequency
dispersion of tremor was observed as a function of MnB. The MANOVA analyses
for Learning and Recall Tests showed a significant relation with MnB category.
Santos-Burgoa et al. (2001) observed lower Mini-Mental performance and poor
motor function for MnB levels higher than 15 µg/L. Sassine et al. (2002) found an
interaction between alcohol consumption and MnB; a strong influence of MnB
was seen for the BSI and the CAGE scores. The study demonstrated that
elevated MnB levels (> 7.5 µg/L) increased the relationship between risk for
alcohol use disorder and the BSI scores.
Rodriguez-Agudelo et al. (2006) evaluated the association between Mn exposure
and the motor tests administered. Using the cut-off point of airborne Mn (MnAir)
at 0.05 µg/m3, eight neuromotors tests showed a significantly higher risk of poor
performance among subjects with greater exposure; when setting the cut-off
point at 0.1 µg/m3, three neuro-motor tests had a significantly higher risk of poor
performance by persons in the high exposure category. No association between
motor performance and MnB was found.

6.2
Environmental Studies in Children: Apparent Dose-Response
Relationship
Takser et al. (2003) presented the results of a well-designed prospective
epidemiological study in 247 healthy pregnant women and their babies to
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determine the long-term effect of in utero Mn levels on child's psychomotor
development. Of the newborns, 195 were examined at 9 months, 126 at 3 years
and 100 at 6 years. At 9 months, the Brunet-Lézine scales were administered.
The McCarthy scales of children's abilities were used at 3 and 6 years. After
adjustment for potential confounding co-factors (child's gender, mother's
educational level), negative relationships were observed between cord blood Mn
levels and several psychomotor sub-scales at age of 3 years: attention (partial r
= - 0.33, P<0.001), non-verbal memory (partial r = - 0.28, P<0.01), and hand
skills (partial r = - 0.22, P<0.05). No significant relationships were observed
between Mn measures at birth and the general psychomotor indices, BrunetLézine developmental quotient (DQ) at 9 months or McCarthy general cognitive
index (GCI) at 3 and 6 years. Moreover, a significant interaction was observed
between Mn concentration in cord blood and child's gender; the hand skill score
in boys was negatively associated with the Mn concentration in cord blood.
Overall, these results suggest that environmental Mn exposure in utero could
affect early psychomotor development possibly with a gender bias. Zoni et al.
(2007) discussed a cross-sectional investigation of intellectual function in 142 10year-old children in Bangladesh, who had been consuming tube-well water with
an average concentration of 793 µg of Mn/L and 3 µg of As/L. Children's
intellectual function was assessed on tests drawn from the Wechsler Intelligence
Scale for Children, version III, by summing weighted items across domains to
create verbal, performance, and full-scale raw scores. After adjustment for sociodemographic covariates, water Mn was associated with reduced full-scale,
performance, and verbal raw scores, in a dose-response fashion. In this study,
the possible confounder arsenic (As) present at low level in water seemed not to
have an effect. Wright et al. (2006) found a dose-effect relationship between
MnHair and intelligence scores. Close examination of manganese (Mn), arsenic
(As), and cadmium (Cd) in hair samples provided by 31 children revealed
however, that children's general intelligence scores, particularly verbal IQ scores,
were significantly related, inversely, to hair Mn and As levels in combination
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rather than the single metals, as were scores on tests of memory for stories and
a word list, i.e., a significant Mn/As interaction was found.
This set of studies may illustrate the difficulties often accompanying these types
of studies, that is, the absence of appropriate control cohorts, exposure to
“multichemical” environments, etc.

7

Considerations on Exposure-Effect Relationships /
Confounding Factors

According to Bradford Hill's criteria (Hill, 1965) which have also been applied in
toxicology (Meyer-Baron et aI., 2009), the proof of a dose-response relationship
is an important contribution when association and causation have to be
differentiated. Meyer-Baron et al. (2009) found effect sizes related to airborne
concentrations of Mn and cumulative exposure levels (CEI), respectively. The
hypothesis, however, that lower performances would be related to the internal
exposure reflected by the indicator MnB, was not verified for all tests in a given
study or for all studies examined. The measure of internal exposure (i.e. levels of
MnB or MnU) of individuals did not show closer relationships with performance
than the concentrations of MnResp; for some tests, even a reversed relationship
was found. A limitation of the meta-analytical study by Meyer-Baron et al. (2009)
is the use of aggregated data, which might contribute to such unexpected
outcomes. Consistent with the observations by Meyer-Baron et al. (2009)
however, are earlier neurofunctional studies which also failed to establish a
relationship between MnB and performance, while a correlation between
cumulative airborne concentrations and performance could be shown (Lucchini et
aI., 1999). Studies addressing the relationship between Mnlnh and MnB
calculated weak correlations that explained only a small proportion of the
variance (Myers et al., 2003b, Apostoli et al., 2000). The considerations of Jiang
et al. (2007) provide one of the feasible explanations for the outcome of the
analysis performed by Meyer-Baron et al. (2009). These authors questioned the
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relevance of MnB as a true reflection of the Mn body burden, because of the
discrepancy between MnB levels and intracellularly distributed tissue Mn
contents. They had contrasted the 2-h terminal-phase elimination half-life of Mn
in rats following i.v. injection of MnCI2 with the biological half life of Mn of 51-74
days in brain tissue of primates. They proposed the analysis of Mn
concentrations in red blood cells (RBCs (giving rise to MnRBC)), in which also
the transferrin receptor and the divalent metal transporter-1 (DMT1), two
important transporters for Mn, were identified. Their examination of
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Mn-

exposed workers showed indeed a closer relationship between MnRBC and the
pallidal index (PI) derived from MRI scans than between MnB and PI. In an
epidemiological study of 111 Mn-exposed workers the PI was shown to be most
closely related to the performance in the tests digit span, aiming and finger
tapping, when compared to MnB and airborne Mn (Kim et al., 2005). The data
indicate the possibility that MnB concentrations might not be sufficiently
meaningful for the neurofuntional alterations or at least not in each exposure
condition. As Lucchini et al. (1995) demonstrated, the relationship between MnB
and performance measures was closer when exposure ceased for a longer
period (> 13 days compared to < 13 days, maximum 42 days). The usefulness of
MnB in future studies will depend on whether additional research can outline in
which way it captures exposures and how it ultimately relates to changes in brain
function, i.e. demonstrate the reliability of MnB as a biomarker.
At least in the rat, there exists the possibility of absorption of Mn through the rat
nasal olfactory epithelium (Henriksson et.al., 1999, Dorman et al., 2002), and
newer research indicates that the divalent metal transporter-1 (DMT1), which is
prominently expressed in intestinal and olfactory epithelia, is involved in this
process. Interestingly, expression of DMT1 is regulated by body iron status, and
in anaemic rats, both expression of the DMT1 protein and Mn uptake by the
olfactory route are increased. In contrast, in the Belgrade rat, which displays
significant defects in both iron and Mn metabolism due to a glycine-to-arginine
substitution (G185R) in their DMT1 gene product, the absorption of intranasally
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instilled

54

Mn was significantly reduced (Thomson K., et al, 2007). A mutation in

DMT1 that impairs iron transport seems to protect rodents against the
Parkinsonism-inducing neurotoxins, MPTP

and

6-hydroxydopamine.

Dopaminergic cell loss is discussed in the literature as one of the contributing
molecular mechanisms that lead to neurological dysfunctions in Mn-exposed
individuals (implications in humans and animal models have comprehensively
been reviewed by Dorman et al., 2006); Mn exposure is likely to affect neuronal
structures in the brain downstream from the nigrostriatal dopaminergic pathway
and alterations in content and metabolism of dopamine, GABA, and glutamate
are concurrent with the observed neurological dysfunction observable in Mnexposed individuals (Eriksson et.al., 1987a). Overall, future research may start to
take into account a cumulative brain burden of Mn exposure (CBBME) in patients
rather than MnB levels in individuals for correlating dose with impairment of
neurological functions.

Particular considerations may need to be directed towards the latency, the
reversibility, and the persistency of Mn-exposure dependent neurofunctional
changes in humans. A particular difficulty of environmental studies could be that
it may not be possible to establish the latency between exposure and
neurological effects. It may also be difficult to establish whether observed
neurological changes are reversible after cessation of the exposure to the
supposedly offending Mn. Key studies by Lucchini et al. (1999), Crump et al.
(1999), and Roels et al. (1987) presented no or little evidence of progression of
Mn-induced changes in neurological functions after interim periods of reduction
or cessation of Mn exposure. Roels et al. (1999), in a follow-up study to Roels et
al. (1992) found limited evidence for the reversibility of some of the adverse
effects previously identified in battery workers who were retested following a
period of 8 years in which exposure to Mn (i.e. MnO2) had been reduced. In
contrast, there is evidence from studies by Bouchard et.al. (2003, 2007b, 2008)
that selected neurofunctional changes in individuals exposed to occupational Mn
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are persistent and continue even after prolonged periods of time after cessation
of exposure of study individuals to Mn. (i.e., > than 14 years).

There is one circumstance where it has been possible to establish both a doseresponse and a time-course relationship to effects. This was the situation where
Mn exposure has occurred as a consequence of “Total Parenteral Nutrition”
(TPN). This procedure is carried out for patients following drastic medical
procedures such as bowel resection. In a case study (Ejima et al., 1992) a 23
month exposure (2.2 mg Mn/day) followed by withdrawal showed gait
disturbance and MRI-scan high signal intensity on specific images in the globus
pallidum. Withdrawal of Mn therapy saw a diminution of effects. This was a
single case study and therefore a lack of control group or sufficient sample size
does limit the conclusions that can be made. A more detailed case study (Klos et
al., 2006), involved TPN plus patients (former welders) with a history of Mn
exposure and patients with chronic liver failure. All had similar MRI evaluated
changes plus for some patients, subjective cognitive complaints. These cases
represented a likely higher exposure to Mn but the latency period was quite
significant as they were later than 10 years following exposure (excluding the
group with liver failure). Supplementary evidence of potential effects of nonoccupational exposure to Mn was provided in a literature review (Elsner et al.,
2005), which evaluated the potential for exposure via shower water. The authors
considered hypothetical exposure levels to humans and potential correlation with
laboratory studies in rodents where neurological changes were observed. The
conclusions rely on assumptions regarding the absorption of Mn through nasal
and subsequent olfactory route.
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8.

Extraction of a NOAEL from Human Occupational Studies

A number of occupational cohort studies are assessed for their suitability to
extract a reliable NOAEL value for MnResp-induced neurotoxicity. Several
epidemiological studies are not included in this assessment because the
exposure data were not individually based (i.e., no personal air monitoring data
were collected), but rather reflected general air concentrations measured in
residential populations (Santos-Burgoa et aI., 2001; Rodriguez-Agudelo et aI.,
2006) or in occupational settings (Blond et al., 2007). Because individual
exposure concentrations are not known in these studies, the data are not as
reliable as the occupational data used here in derivation of toxicity values. Three
chronic studies were identified (Gibbs et al., 1999; Deschamps et al., 2001;
Young et al., 2005) from which NOAEL’s could directly be derived based on the
available data on MnResp in these studies
Gibbs et al. (1999) conducted a study of 75 Mn-exposed workers at a metal
producing plant and 75 nearby plant workers with no known history of
occupational exposure to Mn. The concentration of MnResp to which workers
were exposed was measured by personal air monitors and amounted to be 66
µg/m3. The mean exposure duration was 12.7 years. Subjects were matched on
sex, race, age, and salary and were subjected to multiple neurofunctional tests,
including hand-eye coordination, hand steadiness, complex reaction time, and
rapidity of motion. No significant effects of Mn exposure were found on any
neurofunctional test, resulting in a NOAEL of 66 µg/m3.
Deschamps et al. (2001) conducted neurofunctional examinations in 138 enamelproduction workers exposed to Mn for an average of 19.9 years and 137
matched technicians from public service employers or local municipal operations
workers. Subjects were matched on age, education, and ethnic group. Based on
personal monitor measurements, the mean MnResp concentration was 57 µg/m3
and the maximum concentration was 293 µg/m3 in exposed workers. No
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differences were found between mean concentrations of MnB of exposed and
unexposed workers. Tests conducted included sensory and motor examination of
cranial nerves; fine-touch, motor, and sensory exam of power of all main muscle
groups; reflex tests; cerebellar abnormalities; and tests of domains of speech
regulation and initiation, attention, concentration and memory, cognitive flexibility,
and affect; and a questionnaire for neurofunctional status. There was a higher
prevalence of self-reported asthenia (lack of energy and strength), sleep
disturbance, and headache in exposed workers. It is unclear whether these nonspecific symptoms were exposure-related because the group of exposed
subjects who previously expressed non-specific subjective symptoms had low
levels of MnB. In addition, the visual gestalt test score was higher in workers
exposed to Mn for 11 - 15 years, but the authors attribute this to the higher
technical skills of this group of six workers. This is supported by a lack of doseresponse relationship, as no statistically significant effects were noted in the four
people exposed for 16-19 years or the 69 people exposed for 20 or more years.
Based on these results, long term exposure to low levels of Mn showed no
significant disturbance of neurological performance. Overall the results of this
study indicated a NOAEL of 57 µg/m3'.
Young et al. (2005) conducted a study of 509 South African Mn-exposed smelter
workers and 67 unexposed electrical assembly plant workers. MnResp
exposures ranged from 3 to 510 pg/ml (µg/m3) with a median of 58 pg/ml (µg/m3).
Exposure indices for individuals were attributed or interpolated from 98 personal
samplers. The study authors assessed several neurobehavioral endpoints,
including items from the Swedish nervous system questionnaire (Q16), the World
Health Organization neurobehavioral core test battery (WHO, NaB), the Swedish
performance evaluation system (SPES), the Luria-Nebraska (LN), the Danish
Product Development (DPD) test batteries, and a brief clinical examination. The
authors observed dose-response associations primarily with exposures less than
100 µg/m3, above which the relationship was flat. The authors concluded that the
study was essentially negative. They concluded that the small number of
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convincing effects (especially motor function effects), and the character of the
exposure-response relationships observed in this study were due to chance.
Although these data are less reliable than those reported in the studies by Gibbs
et al. (1999) and Deschamps et al. (2001), a NOAEL of 58 µg/m3 was assumed
based on the likelihood of positive findings being due to chance.
Myers et el. (IEH/IOM Report (2004)) reported no observed effect levels at an
average MnTotal exposure of 200 µg/m3 (arithmetic mean), equivalent to a
calculated MnResp exposure of 40 – 80 µg/m3. In this study, using a
conservative MnTotal to MnResp conversion factor of 0.1 would have indicated a
calculated MnResp of 20 µg/m3. Closer examination of the MnInh to MnTotal ratio
of only 1.4 suggested that total Mn dust was probably of a composition (i.e., less
coarse particles) that would justify the use of a higher conversion factor for
MnTotal to MnResp than the lower limit of the 0.1 – 0.5 range of MnTotal to
MnResp conversion factors (IEH/IOM Report (2004) typically applied in such
cases, thus giving rise to the reported calculated NOAEL of 40 – 80 µg/m3 for
MnResp.
In the study by Roels et al. (1992) adverse effects on reaction time, tremor and
hand-eye co-ordination in workers exposed to Mn dioxide were observable at a
MnResp concentration of 215 µg/m3 (geometric mean), and at a MnTotal
concentration of 948 µg/m3 (geometric mean), both measured by personal
sampling. Moreover, in this study, tremor (hand steadiness) seemed to be the
most sensitive neurofunctional parameter for the definition of a threshold effect
level indicating that a lifetime integrated exposure to MnTotal (as MnO2) higher
than 3575 µg/m3 x year or to MnResp (as MnO2) higher than 750 µg/m3 x year
leads to signs of neurofunctional impairment.
Mergler et al. (1994) evaluated neurological effects of 74 Mn alloy workers and
74 matched controls exposed for an average of 16.7 years to a wide range of
MnResp concentrations (ranging from 1 to 1273 µg/m3), with an arithmetic mean
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of 122 µg/m3. The authors evaluated the Mn-exposed workers only as a whole
(over the full range of exposure concentrations), and found that the exposed
workers performed more poorly on tests of motor function. This study yielded a
LOAEL of 122 µg/m3 as an arithmetic mean. A transformation factor of 0.1 may
be applied for the conversion of a LOAEL to a NOAEL (IEH/IOM Report (2004)).
A further correction factor of 0.33 for human variation (IEH/IOM Report (2004)
could obviously be omitted here. However, because of the wide range of
exposure concentrations in this group, we concluded that this study would not
provide a reliable basis for the calculation of a NOAEL value. Bouchard et al.
(2007b, 2008) were following-up in their studies on the same cohort studied
earlier on by Mergler et al. (1994), after a cessation of exposure for 14 years,
however. In a study by Bast-Pettersen et al. (2004), a large number of
neurofunctional tests were carried out on 100 Mn alloy plant workers and 100
silicon and microsilica plant and titanium dioxide slag and pig iron plant workers,
including tests for cognitive functions; motor tests; tests of motor speed, grip
strength, coordination, and reaction time; and a questionnaire to evaluate selfreported neuropsychiatric symptoms. Average exposures were 64 µg/m3 (range:
3-356 µg/m3). Of the tests, only three of eight motor tests (tremor tests) showed
significant effects in the exposed vs. the control group. The results of the
cognitive tests and other neurofunctional tests were not significantly different in
the exposed vs. the control group, and there was also no significant difference in
self-reported neuropsychiatric symptoms between the two groups. Self-reported
smoking habits had an effect on tremor parameters.
Based on these considerations, the three most appropriate occupational studies
for the extraction of an NOAEL are those by Gibbs el al. (1999, NOAEL = 66
µg/m3), Deschamps et al. (2001, NOAEL = 57 µg/m3), and Young et al. (2005,
NOAEL = 58 µg/m3). They yield with reasonable reliability an overall NOAEL of
about 60 µg/m3 for neurotoxicity of MnResp in humans. Myers et al. (IEH/IOM
Report (2004)) calculated a NOAEL in the range of 40 – 80 µg/m3 for MnResp.
The study by Roels et al. (1992) yielded a “study observed effect level (“sOEL”)”
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of 215 µg/m3 for MnResp (MnO2). Considering this value as representative of a
LOAEL and applying a transformation factor of 0.1 for the conversion of a LOAEL
to a NOAEL (IEH/IOM Report (2004)) may yield the equivalent of a NOAEL
calculated from these data of 21.5 µg/m3 yielding a value slightly below that
abstracted from the other studies above. It could be argued that the
transformation factor of 0.1 used in this study was conservative in that the effects
observed were sub-clinical and for some of the tests used 215 µg/m3 was
actually an NOAEL.

35

9

9.1

Exploratory human studies, studies in laboratory animals,
and mechanistic studies
Exploratory human studies

Much of the laboratory animal study data investigates the mechanisms by which
Mn is likely to exert its effects. The laboratory animal data will impact upon
human exposure thresholds, particularly if similarities between human and
animal studies can be established. In one study (Kim et al., 2007) assays for
plasma levels of dopamine (DA) and Thyroxine Releasing Hormone (TRH) were
conducted on welders from shipyards in Korea. The results suggested that there
was a positive correlation with TRH and negative correlation with DA in workers
with a calculated CEI of Mn up to 2 mg/m3. In workers with a calculated CEI
above this level, the results showed a decrease in TRH. The conclusion was that
there was an inhibitory feedback control of DA on the hypophysical-pituitary axis
and Mn was implicated in the control processes. This is of note because of a
large amount of interest in these aspects from laboratory animal studies. Case
reports of individuals with high exposure (Yamada et.al., 1986; Ono et.al., 2002)
tend to show obvious clinical effects. In one case (Yamada et.al., 1986), the
patient had died from an unrelated disease. The neuropathology showed
degeneration of the basal ganglia of the pallidum. This pathology also provides a
link to findings from some laboratory animal studies. As with individual case
reports, the information is limited to one individual but can provide some input
into the general pattern of effects for Mn.
In conclusion, the study reports from occupational exposure to Mn from a variety
of industrial exposure settings have shown a number of effects that can be
classified as evidence of neurotoxicity. It might be worth noting that in most
contemporary studies, the neurotoxicity is actually sub-clinical changes in
neurofunctional tests recognized in groups of workers (which would hardly be
seen in individuals).
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In general these effects are likely to be a consequence of high level chronic
exposure. There is an apparent association between magnitude of exposure and
the extent of the findings observed. In a number of studies there has been
reference to Parkinsonism as the clinical manifestation of Mn exposure. A
separate review of this has been conducted by Pal et al. (1999). Some of the
evidence concerning Parkinsonism and Mn exposure has been questioned by
Jankovic et al. (2005), and supported by the earlier review and observations of
Racette et.al. (2001, 2005). There remain questions as to whether there are
similar pathogenic mechanisms involved in classical idiopathic Parkinson’s
disease and Mn-induced Parkinsonism (manganism). One suggestion is that Mn
exposure may be a contributor to onset of Parkinsonism or that exposure results
in an earlier onset of Parkinsonism. It has been postulated (Barbeau, 1984) that
Mn may be one of a series of factors that may have been partly involved in a
Bradykinetic “low dopamine” syndrome: which may be a better description of the
effects as opposed to pre-Parkinsonism. The conclusions of Calne (Calne et.al.,
1994) have been that there are equal numbers of similarities and dissimilarities
between Parkinsonism and Mn-induced Parkinsonism.

9.2

Laboratory animal and in vitro studies

Of the study reports examined, there are no studies that have been conducted to
be compliant with worldwide legislation for Good Laboratory Practice or to
comply with Safety Testing Guidelines such as those published by the
Organisation for Economic Cooperation and Development (OECD). The study
designs are therefore less rigid and the expectations of achieving a “No
Observed Effect Level” (NOEL) or a “Maximum Tolerated Dose” (MTD) were not
priorities. The study designs do not necessarily involve using routes of exposure
that allow direct extrapolation to man. In addition, a large amount of study data
relates to Mn chloride (MnCl2). It may well be that the assumption is that for
subchronic/chronic exposure studies, it is prolonged accumulation of the Mn ion
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that is the object of investigation rather than the effects of the individual salt. A
number of studies involved administration of the soluble salt such as MnCl2 via
drinking water. This is a potential route of exposure. Inhalation studies are
limited. The most commonly used laboratory model was the rat. A number of
primate studies were conducted but all such studies use small group sizes, which
was presumably because of cost and availability. For rodent studies, there was
the investigation of the effects that age had on the response to exposure to Mn.
This was particularly the case with differences between the neonatal and adult
animal. The studies can be broadly classified into three categories:
i) Behavioural studies
ii) Evaluation of neurochemical changes
iii) Neuropathology
In a number of references, more than one of these investigations was
undertaken. The neurochemical investigations were, in many cases, designed to
determine a mechanism of action for Mn on the neural system.
The behavioural studies involved assessment of a number of end points. The
most commonly assessed parameter was motor activity; either locomotor or
general activity. The results were contradictory with increased activity recorded
in some studies (Chandra et al., 1983; Chandra et al., 1979; Tapin et al., 2006;
Calabresi et al., 2001; Reichel et al., 2006; Nachtman et al., 1986) as well as
decreased activity in others (Vezer et al., 2005; Komura et al., 1991; Lai et al.,
1992; Liu et al., 2006; Schneider et al., 2006). One study, (Bonilla et al., 1984)
recorded both and was time dependant with an initial increased activity followed
by decreased activity. This last reference may well give a clue as to the likely
process of response following chronic exposure. It was also reported that
learning/memory can be affected by Mn administration (Chandra et al., 1983;
Vezer et al, 2005; Sentürk et al., 1996; Tran et al., 2002) with decreases noted in
response to various tasks. It should be noted that the test methodology was
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different for each of the studies reported and so it is likely that the effects
reported are not specific.
A particular focus of the laboratory studies in animals relates to changes in
neurochemicals. A significant number of studies have evaluated dopaminergic/
catecholaminergic changes. The results appear contradictory with examples of
elevated dopamine levels being recorded (Chandra et al., 1983; Chandra et al.,
1979; Chandra et al., 1981; Hong et al., 1984; Eriksson et.al., 1987a) and
decreased dopamine (Santos-Burgoa et al., 2001; Desole et al., 1994; Lai et al.,
1984; Gianutsos et al., 1982; Komura et al., 1992; Bird et al., 1984). The
difference in response may well reflect the various dosing regimes used. One
study (Chandra et al., 1981) saw an initial increase in dopamine (and the
associated homovanillic acid (HVA)) levels and a subsequent decrease with time.
This may therefore reflect modifications within the brain to subchronic/chronic
doses of Mn salts. Of note is the comparison of different valence states of Mn
(Komura et al., 1992) where Mn dioxide (MnO2) caused a reduction in dopamine
and HVA and had higher Mn concentration in the brains of mice exposed to a
variety of Mn salts over 12 months. The data of this study indicated that Mn4+,
derived from MnO2 is more toxic than divalent Mn (Mn2+). Of the divalent Mn
compounds, Mn acetate (MnAc2) seemed to have the greatest toxic effect.
Other neurochemical assessments also provided different results such as
assessment of gamma amino butyric acid (GABA) (Eriksson et al., 1987a; Lipe et
al., 1999; Bonilla et al, 1994) and mono amino oxidase activity (Autissier et al.,
1982; Kontur et al., 1988; Chandra et al., 1978; Subhash et al., 1990). It is
presumed that much of the focus of the neurochemical assessments was on the
same pathways as for Parkinsonism. Like the human occupational studies, there
is clear evidence that the two conditions have similarities and dissimilarities.
Other studies have attempted to establish mechanism of action such as the
evaluation of glutathione to indicate oxidative stress (Desole et al., 1994;
Eriksson et al., 1987b; Dobson et al., 2003), or lipid peroxidation via assessment
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of malonialdehyde (Chen et al., 2006a). Many of the assessments performed
have also tried to isolate specific regions within the brain. The most commonly
reported areas for changes within the brain are the globus pallidum striatum,
caudate putamen and hypothalamus. Although the majority of these findings
related to studies with rodents (primarily rats) evidence of neurochemical
changes following exposure to Mn oxide in the pallidum and caudate brain of the
Rhesus monkey has been reported (Bird et al., 1984) plus alterations to a
different range of neurochemicals in similar regions (Erikson et al., 2007). This
does suggest that these alterations are not necessarily species-specific.
Neuropathology investigations have also been conducted in laboratory studies
usually in conjunction with neurochemical investigations. In one study, neuronal
degeneration was observed in juvenile rats after 30 days of oral exposure to
MnCl2 (Chandra et al., 1981). Type II astrocytosis was reported in rats after shortterm intra-peritoneal exposure at high dose levels (Hazell et al., 2006) and in
mice, exposed by intragastric gavage to high dose levels of MnCl2 for eight
weeks, there was evidence of neuronal injury (Liu et al., 2006).

Again,

contradictory results have been seen in rats following oral and intra-nasal
instillation of MnCl2 (Henriksson et al., 2000; Spadoni et al., 2000) where no
reduction in astrocyte number or gliosis was observed. The latter study did
report that isolated neurones from the globus pallidum of rat brains died soon
after isolation and irreversible cell damage was seen. Functional assessment of
neurone activity in the rat by measurement of nerve conduction velocity
(Teramoto et al., 1993) showed a slight but reversible reduction in sensory
nerves.
In vitro studies using brain sections derived cell cultures also demonstrated
various neurochemical changes could be stimulated in the presence of Mn. The
actual implications of the functional changes in vitro are difficult to determine.

40

10.

Regulatory Considerations for Risk Assessment,
Classification and Labelling

Following a critical evaluation of the available data in humans and animals it is
clear, purely based on weight of evidence, that some Mn based compounds have
the potential to be neurotoxic. Neurotoxicity has been seen in workers exposed
to high airborne concentrations of some Mn based compounds over long periods
of time. These effects have ranged from “manganism”, a motor condition with
some overlapping symptoms with that of idiopathic Parkinson’s disease and
related to generally historic working conditions where exposures were often well
above 5 mg/m3; to subtle non-clinical neurofunctional changes seen in
performance differences between groups of manganese-exposed and
unexposed workers in more contemporary investigations.
The 2001 World Health Organisation (WHO) document titled: Neurotoxicity risk
assessment for human health: Principles and approaches (EHC223) states that
the criteria for quality of data that can be used for risk assessment are
considered as follows:
1. Sensitivity to the kinds of neurobehavioural impairment produced by
chemicals (e.g., ability to detect a difference between exposed and nonexposed populations)
2. Specificity for neurotoxic chemical effects (e.g., no undue responsiveness
to a host of other non-chemical factors) and specificity for the
neurobiological end-point believed to be measured by the test method
3. Adequate reliability (consistency of measurement over time)
4. Validity (concordance with other behavioural, physiological, biochemical or
anatomic measures of neurotoxicity).
The EHC223 document also states that “It is also important to show graded
amounts of change as a function of exposure level, absorbed dose or body
burden (dose-response). For representative classes or subclasses of chemicals
that are active in the CNS or PNS, it is important to be able to identify single
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effects or patterns of impairment across several tests or functional domains that
are reasonably consistent from study to study. Test methods should also be
amenable to the development of a procedurally similar counterpart that can be
used measures in humans and animals. Data that provide information on
mechanism of action are of particular value in risk assessment”.
The review of the available human data on neurotoxic effects has indicated a
weight of evidence (at least three studies) for a NOAEL of approx 60 µg/m3 for
respirable Mn., and an extrapolated NOAEL of approx 20 µg/m3 respirable
(application of a factor of 0.1 to the respirable sOEL (LOAEL) from Roels et al.
1992). This latter study is specific to MnO2, where effects were seen in an
occupational study with no confounders. Based on this information a suitable
long--term inhalable DNEL can be derived. However, it is understood that the EU
Scientific Committee on Occupational Exposure Limits (SCOEL) has published
(January 21010) a draft IOELV for manganese and its inorganic compounds for
consultation and thus it is likely that there will be an agreed SCOEL value in the
foreseeable future. ECHA guidance is that such values may be used in place of a
DNEL in occupational settings. The SCOEL value does not indicate that a
neurotoxic effect will occur above 0.20 mg/m3 (inhalable) for all inorganic
manganese compounds, and has been set as a precautionary occupational
exposure limit, based on data such as the Roels et al study where an effect was
seen for MnO2.
Human data usually takes precedence over animal data with regards to
classification, if a clear effect in humans is seen. In this review, neurotoxic effects
seen in the human data is also supported by neurotoxic effects seen in animal
studies. The classification of the particular Mn based substance seen to be
causing a neurotoxic effect (based on weight of evidence) as either Category 1
(Cat 1) or Category 2 (Cat 2) for Specific Target Organ Toxicity (STOT RE 1 or 2),
needs to consider a number of factors.

In accordance with the Globally

Harmonized System (GHS) regulations, a Cat 1 classification could be assigned
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if ‘significant toxicity’ in humans has been produced by the substance at low
exposure concentrations (< 20mg/m3). There is no strict definition of ‘significant
toxicity’ in GHS, but it does state (in section 3.9.1.1) that:
“Target organ toxicity (repeated exposure) means specific, target organ toxicity
arising from a repeated exposure to a substance or mixture. All significant health
effects that can impair function, reversible and irreversible, immediate and/or
delayed are included”.
It is not clear if ‘significant health effect’ is equivalent to ‘significant toxicity’ or if
this means that the reversible (and in some cases irreversible) non-clinical
neurobehavioural effects seen in some occupational epidemiological studies, at
concentrations below 20 mg/m3, are regarded as significant toxic effects or
whether this would cause classification as Cat 1 for repeat exposure.
According to GHS, substances are classified in Category 1 for target organ
toxicity (repeat exposure) on the
basis of:
— reliable and good quality evidence from human cases or epidemiological
studies; or
— observations from appropriate studies in experimental animals in which
significantand/or severe toxic effects, of relevance to human health, were
produced at generally
low exposure concentrations (<20 mg/m3).
GHS also states that a Cat 2 classification could be assigned for substances that,
on the basis of evidence from studies in experimental animals, can be presumed
to have the potential to be harmful to human health following repeated exposure.
Substances are classified in Cat 2 for target organ toxicity (repeat exposure) on
the basis of observations from appropriate studies in experimental animals in
which significant toxic effects, of relevance to human health, were produced at
generally moderate exposure concentrations (20-200 mg/m3).
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For some Mn based compounds, exposure via inhalation (by weight of evidence)
has been identified as the sole route capable of inducing neurotoxic effects.
Therefore, for an accurate classification category to be allocated, the effects
seen in any 90-day inhalation studies in rats showing ‘significant toxic effects’
within specific dose ranges (GHS, sections 3.9.2.9.6 and 3.9.2.9.7) should be
assessed. In this review, the main 90-day inhalation studies in rat (Tapin et al.,
2006, Erikson et al., 2004, and Salehi et al., 2006(which all looked at specific
neurological parameters after exposure to MnSO4)) did show effects below 20
mg/m3. If these effects are regarded as “significant toxic effects” then the
experimental compound (and similar) would be classified as Cat 1. However, it is
questionable whether the observed effects were significantly toxic. The difficulty
lies on the definition of the phrase “significantly toxic”. In the case of a milder
classification - Cat 2, significant toxic effects would need to be observed at 20 –
200 mg/m3 in the 90-day inhalation study on rats. However, there are no 90 days
inhalation studies conducted at this level/dose. Based on the effects seen at
lower doses of 0.03 to 3 mg/m3, it is not possible to predict if a significant
toxicological effect would be observed at 20-200 mg/m3, since the doses are 1-2
orders of magnitude higher and there are no clues as to the dose-response
relationship, without conducting an appropriate study in that dose range.
Based on the epidemiological evidence for MnO2 (particularly Roels et. al.1992,
no confounders) and the animal evidence above for MnSO4, it is likely that MnO2
and MnSO4 would both be classified under GHS as at least STOT-RE2 (Cat 2)
for neurotoxicity. Further data from humans or a 90-day inhalation study
indicating significant toxic effects below 20 mg/m3 could increase this
classification to STOT-RE1 (Cat 1). The evidence for classification of all other Mn
based inorganic compounds including Mn metal itself is equivocal, and subject to
confounders such as other manganese substances, smoking and alcohol.
Further evidence may be required for definitive classification of other inorganic
manganese compounds. This could be in the form of 90-day inhalation studies
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designed to look at specific neurofunctional effects performed at dose levels
allowing either no proposal for classification or classification as either STOT RE1
or RE2.
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11.

Implications of toxicokinetics for hazard assessment of
manganese exposure

For the purpose of hazard assessment of test materials with respect to
neurotoxicity, toxicokinetics can only serve as supplementary evidence. Hazard
identification is primarily to establish whether an effect upon the central nervous
system is real or not. It is generally rare for human epidemiological data to be
conclusive, even though this data should be regarded as the most pivotal when
risk to the human population is considered. The use of animal models therefore
has its merits. In order to take account of extrapolation from experimental animal
to human a conservative approach to exposure is adopted with animal studies
generally using dose levels well above potential human exposure.
Despite these limitations toxicokinetics can establish the relationships between
dosage and human/animal response. The mechanisms underlying response and
exposure can also serve to explain potential toxicity. In the case of Mn, the
identified characteristics associated with its toxicokinetics may be used to
support the hazard assessment.
Absorption
It has been concluded that humans and animals show similarities in the rate of
absorption from the gastrointestinal tract. Although gastric absorption is not the
anticipated primary route of human occupational exposure, it will nonetheless be
of impact because of the side effect of inhalation exposure where material may
end up in the stomach following passage of inhaled material via the mucocilliary
escalator into the gut.
Absorption of Mn will take place in animals and man following inhalation but
direct passage of Mn into the brain of humans via the neurones associated with
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the olfactory lobes of the brain, as has been shown in experimental animals has
not been established. Uptake of Mn into brain tissue has also been shown in
experimental animals following ingestion (also by mucocilliary escalator into the
gut from inhalation) from the bloodstream through the cerebral spinal fluid (CSF)
via the choroid plexus and from the bloodstream across the blood brain barrier of
the cerebral capillaries. Whether one route dominates in the case of neurotoxic
effect from Mn ingestion in humans has not been established.
Absorption of Mn salts is solubility dependent. It has been shown in animal
experiments that absorption of Mn from insoluble compounds via the oral and
inhalation routes is slower when compared to soluble compounds, presumably
due to the much lower bioavailability. However, the absorption of inhaled ultrafine
particles (UFPs, < 0.1 µm (100 nm) diameter) of Mn oxide (actual oxide form not
specified in study) in rats is of the same magnitude to that of soluble Mn. No data
in humans on the absorption of insoluble Mn compounds including the metal is
available. Most of the experimental work on animals looking at behavioural,
neurochemical changes and neuropathology effects has been conducted using
soluble salts such as chloride and sulphate. Inhalation exposure to Mn has been
shown to result in higher tissue levels than oral exposure. When Mn is inhaled, it
can initially bypass the body controlled homeostasis and enter the circulation
directly without first-pass elimination by the liver. Therefore, blood levels are
substantially higher after inhalation of Mn then after ingestion of similar doses.
Also factors involved in gastric absorption such as diet and concentrations of
transporter proteins/other ions may result in higher tissue levels from inhalation
exposure than by oral exposure.
It has been shown that experimental animals have the ability to modulate the
absorption and excretion of Mn in order to maintain homeostasis. Whilst the
homeostasis regulation of Mn by the body seems to be very efficient, this does
seem to be overwhelmed by chronic high doses.
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Distribution
Mn is widely distributed and crosses the blood-brain barrier. Mn accumulates in
specific brain regions. Mn accumulation in the globus pallidus, putamen, olfactory
epithelium, olfactory bulb, and cerebellum were shown in monkeys by magnetic
resonance imaging (MRI).
Metabolism
Generally, there exist fairly tightly controlled mechanisms for manganese
homeostasis (IEH/IOM Report (2004)) that seem to keep manganese levels in
humans at about 4 - 15 µg/L in blood, 1 – 8 µg/L in urine and 0.4 – 0.85 µg/L in
plasma (ATSDR (2008)). After exposure, metabolism (and excretion) of
manganese are involved in maintaining and/or restoring homeostasis. Mn may
undergo metabolism from Mn2+ to Mn3+ in the liver. It has been shown that the
body may adapt to increased Mn uptake particularly in the liver. As a
consequence, the lack of first-pass metabolism in chronic exposure via inhalation
may mean that tissue accumulation will be enhanced compared with oral
ingestion.
Excretion
Biliary excretion is the primary route for Mn removal. The process is biphasic as
a consequence of the rapid tissue distribution of Mn.
In conclusion, experimental studies in animals and man indicate a number of
common pathways which show that Mn has the potential to be absorbed and
distributed systemically. Similar processes exist for all species. Any toxic hazard
associated with Mn cannot be dismissed following the application of toxicokinetic
factors (for example, increased exposure). Thus, the aggregated data from a
recent meta-analytical analysis by Meyer-Baron et al. (2009) examining in 13
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studies a total of 958 exposed and 815 unexposed individuals revealed mean
concentration range of Mn in whole blood from 8.1 to 48.4 µg/L, which was
associated with sub-clinical neurofunctional changes, compared to the normal
homeostatic Mn concentration range of about 4 - 15 µg/L in blood (ATSDR
(2008)). A complicating factor in these studies is the notion that MnB und MnU
are not adequate biomarkers for the body or target organ burden of manganese
after exposure (IEH/IOM Report (2004)).

12.

Conclusions

Mn is an essential trace element. Its estimated safe and adequate dietary
allowance recommended by the Food and Nutrition Board of the US National
Research Council is set at 2 to 5 mg per day. Occupational overexposure to Mn
may lead to disturbance in homeostatic control and produce different health
problems such as impairments to the lung, and injury to the central nervous
system. In fact, a fair body of evidence stemming from human (epidemiological)
cohort studies indicates that occupational and environmental Mn exposures
induce neurotoxic effect. This report aims at i) the evaluation of data relating to
the neurotoxicity of inorganic Mn compounds, ii) the analyses of exposure-effect
relationships between certain inorganic Mn compounds and neurofunctional
alterations, and iii) the identification of a no observable adverse effect level
(NOAEL) for the major route of Mn exposure, i.e. inhalation.
The aggregated data from a recent meta-analytical analysis (Meyer-Baron et al.,
2009) taking into account thirteen human cohort studies examining a total of 958
exposed and 815 unexposed study participants revealed mean concentrations of
inhalable Mn in the range from 50 to 1590 µg/m3, and mean concentrations of Mn
in whole blood ranged from 8.1 to 48.4 µg/L.
Detailed analyses displayed a negative impact of Mn on six selected
neurofunctional performance parameters. As aggregated in the study by Meyer-

49

Baron et al. (2009), their effect sizes ranged from - 0.23 to - 0.36. Four of the
variables measured motor speed and two of them speed of information
processing. The evidence of cognitive and motor performance effects is in
accordance with the knowledge about accumulation of Mn in the basal ganglia
and the effect of Mn on the neurotransmitter dopamine, and supported indirectly
by data from several high dose Mn studies in laboratory animals revealing
neuronal injury.
The data by Meyer-Baron et al. (2009) are roughly in line with the findings in the
meta-analytical study by Lees-Haley et al. (2006) comparing a total of 1,322
matching control individuals with 1,410 Mn-exposed study participants, the
quantitative analysis of all neurophysiological functions assessed in any of the
included studies yielded a statistically significant weighted mean effect size of 0.17 (p < .0001) for Mn exposure. However, one should be aware of the fact that
the latter authors cautioned, that because the overall change in effect size was
statistically so small in their study, it might be difficult to ascribe changes in
neurophysiological functions to Mn exposure in single individuals, because
calculated mean effect size (- 0.17, this study) and the standard deviations (SD)
of results of neurophysiological tests may overlap between exposed study
participants and non-exposed matched control individuals. A resolution to this
dilemma may be the use of a selection of neurophysiological tests that are
particularly sensitive to exposure of individuals to Mn, as initially proposed by
Chia et al. (1993) and Iregren (1994), respectively, in their study on 17 Mnexposed baggers and the review type study. In a short update on early
manifestations of Mn neurofunctional changes, Mergler et al. (1997) provided
collective evidence from a selection of studies indicating that a pattern of slowing
motor functions, increased tremor, reduced response speed, enhanced olfactory
sense, possibly memory and intellectual deficits, and mood changes could serve
as parameters for Mn induced neurofunctional changes even before clinical
manifestation of symptoms. These observations were refined and completed in
the meta-analytical study by Zoni et al. (2007) on 18 occupational studies, 17
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environmental studies, and 6 studies on children, and more recently in the study
by Meyer-Baron et al. (2009).
Inconsistencies in the relationship between effect sizes and the concentration of
Mn, in blood or urine, were identified in several human cohort studies. In
contrast, consistent exposure-effect relationships have been identified when
MnResp was used as the exposure parameter.
Under these conditions, the analysis of exposure-effect relationships showed that
larger effect sizes were generally associated with higher concentrations of
MnResp. Earlier on, Iregren (1994) had reviewed 4 published occupational
studies along with 2 studies in press at the time resulting in the notion that tests
of motor function were sensitive to the effects of Mn exposure. The author
presented a recommendation for a core set of tests that may be efficient to use
while testing for the early neurotoxic effects from low level Mn exposure, i.e. at
levels below 1000 µg Mn/m3 in total dust, considered as the minimal
concentration of persistent surrounding Mn that may lead to overt clinical
manifestations of Mn-induced disease. Based on this study and further evidence
from studies by Iregren (1990) and Roels et al. (1987), the ATSDR in 2000
(ATSDR 2000) determined a NOAEL of 70 µg/m3 of Mn in respirable dust. This
value is roughly confirmed by a number of occupational cohort studies, which
were identified in this report to be suitable for the extraction of a reliable NOAEL
value for MnResp-induced neurofunctional changes in humans. Thus, the
analysis of the studies by Gibbs el al. (1999, NOAEL = 66 µg/m3), Deschamps et
al. (2001, (NOAEL = 57 µg/m3), and Young et al. (2005, NOAEL = 58 µg/m3)
yielded with reasonable reliability an overall NOAEL of 60 µg/m3 for MnResp in
humans. Myers et al. (IEH/IOM Report (2004)) reported a calculated NOAEL in
the range of 40 – 80 µg/m3 for MnResp. In addition, the study by Roels et al.
(1992) yielded a “study observed effect level (“sOEL”)” of 215 µg/m3 for MnResp.
Considering this value as representative of a LOAEL and applying a
transformation factor of 0.1 for the conversion of a LOAEL to a NOAEL (IEH/IOM
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Report (2004)) may yield the equivalent of a NOAEL calculated from these data
of 21.5 µg/m3, a value slightly below that abstracted from the other studies
above.
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Selection of human studies

13.

Tables

Table 1: Selection of human studies

REFERENCE

TEST SUBJECT

EXPOSURE/DOSE
AND TIME PERIOD

Blond et al,, 2007

92 steel workers as
study group. Nonmatched
control
group; Only small in
size:

In exam 1996: 19
individuals
First exam: 1989
Second exam: 1995
In exam
individuals

2003:14

Third exam: 2003 (60
Individuals).

STUDY FINDINGS
Blood manganese
(MnB):
1989: 149 nmol/L
(median);
1995: 171 nmol/L
(median);
2003: 155 nmol/L
{median).
Ambient Mn exposure
concentration:
3
1970’s: 0.11 mg/m
3
1990’s: 0.01 mg/m

OBSERVATIONS/
EVALUATIONS

RELIABILITY

Longitudinal study to
assess changes in
neuromotor activity
and the persistence of
such changes over
time in a cohort of
steel workers.

4;

This study is severely
hampered by the lack
of a matched control
group,
and
the
presence of a nonmatched control group
of small size can in no
way compensate for
this lack of a matched
control group.
Because of this, study
results need to be
treated with caution at
best.
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Reaction time for the
right hand was slower
for the participating
steel
workers.
Compared with the
control group the steel

Study not designed
for
registration
purposes (no GLP,
GCP certifications.).
Inherent
study
deficiency;
no
matched
control
group.

Selection of human studies
REFERENCE

TEST SUBJECT

EXPOSURE/DOSE
AND TIME PERIOD

STUDY FINDINGS

OBSERVATIONS/
EVALUATIONS

RELIABILITY

for the participating
steel
workers.
Compared with the
control group the steel
workers showed a
decline in the ability to
perform fast precise
hand pronation /
supination and finger
tapping from 1995 to
2005.
Over all there were no
statistically significant
diff e r e n c e s
in
neuromotor function
between
the
participating steel
workers,
nonparticipating steel
workers and controls
in 1995/1996

Abstract: The objective of this study was to evaluate with a longitudinal design the possible neuromotor impairment in a cohort of steel workers exposed to metal
dust. Ninety-two employees from a steel works were examined in 1989 and 1995. Sixty were re-examined in 2003. A non-matched control group was examined
in 1996 (n = 19) and in 2003 (n = 14). Median blood manganese in 1989, 1995 and 2003 was 149. 171 and 155 nmol/L. Median blood lead in 1989 and 2003
was 0.76 and 0.22 µmol/L. Median air concentration of manganese at the steel works was estimated to be 0.11 mg/m3 in 1970s and was 0.03 mg/m3 in 1990s.
Median air concentration of lead was estimated to be 0.13 mg/m3 in 1970s and was 0.01 mg/m3 in 1990s. The Catsys 2000™ system developed by Danish
Product Development is computer-based device for measuring hand tremor, hand coordination and reaction time. Over all there were no statistically significant
differences in neuromotor function between the participating steel workers, non- participating steel workers and controls in 1995/1996. Only reaction time for the
right hand was slower for the participating steel workers. Compared with the control group the steel workers showed a decline in the ability to perform fast
precise hand pronation / supination and finger tapping from 1995 to 2005. Correlation analysis showed no associations between test results for fast hand
coordination and blood manganese and lead. Only seniority was associated with deterioration of beat regulation of fast pronation / supination of the hands.
Bouchard
2007b

et

al.,

77
formerly
Mn
exposed alloy workers
as study group;

Time period between
cessation of exposure
and current analyses:

The alloy workers had
significantly higher
levels of whole blood
Mn (MnB) 1.03 µg/100
54ml versus 0.68 µg/100
ml of the control
individuals (geometric
means). (geometric

Study to assess
neurotoxic effects and
their persistence over
time in a cohort of
alloy workers.

2;
Study not designed
for
registration
purposes (no GLP,
GCP certification).
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REFERENCE

TEST SUBJECT

EXPOSURE/DOSE
AND TIME PERIOD

STUDY FINDINGS

OBSERVATIONS/
EVALUATIONS

RELIABILITY

as study group;

and current analyses:
14 years.

Mn (MnB) 1.03 µg/100
ml versus 0.68 µg/100
ml of the control
individuals (geometric
means). (geometric
means);

their persistence over
time in a cohort of
alloy workers.

for
registration
purposes (no GLP,
GCP certification).

Historical
Mn
exposure data for
each study participant
were
those
determined in the
original cohort study
perfomed 14 years
ago (Mergler et al.,
1994).

However, very robust
and reliable study
design.

81 non-exposed, pair
matched
control
individuals (referents)
as study control
group.

Exposure time of
cohort members: 15.3
years (mean).
Stationary
environmental
sampling yielded Mn
levels:
MnDust: 0.89 mg/ml
MnResp: 0.04 mg/ml
Stationary
environmental
sampling yielded Mn
levels:
MnDust: 0.89 mg/ml
MnResp: 0.04 mg/ml
(geometric means);

The same symptoms
frequency
questionnaire
covering a battery of
neurofunctional
effects used in the
initial examination in
1990 (Study reported
by Mergler et. al.,
1994)
was
administered to 77
Mn-workers and 81
referents in 2004.
Mn-workers
had
poorer
scores
compared to referents
both in the initial and
follow-up
examinations
for
several motor tasks of
the Luria Motor Scale.
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At follow-up, older Mnworkers (>45 years at
cessation
of
exposure) had poorer
scores than referents
for tests of cognitive
flexibility.

According to the
document
EUR
17390EN,
1997,
study not absolutely
free
from
investigators bias,
some of the tests
may not have been
performed blinded,
due to the nature of
this
being
a
retrospective study.
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REFERENCE

TEST SUBJECT

EXPOSURE/DOSE
AND TIME PERIOD

STUDY FINDINGS

OBSERVATIONS/
EVALUATIONS

RELIABILITY

exposure) had poorer
scores than referents
for tests of cognitive
flexibility.
Cumulated exposure
was associated with
poorer test scores for
certain neuromotor
and cognitive tests
and on a mood scale.
Overall, Mn exposure
was associated with
persistent deficits for
certain neuromotor
functions, cognitive
flexibility, and adverse
mood states, while
recovery occurred for
other functions
Abstract: Little is known on the long-term course and/or persistence of early manganese (Mn) neurotoxic effects. Mn alloy workers were examined in a follow-up
study 14 years after exposure ceased at a Canadian facility. The same battery of neurofunctional tests used in the initial examination in 1990 (Study reported by
Mergler et. al., 1994) was administered to 77 Mn-workers and 81 referents in 2004. Manganese-workers had poorer scores compared to referents both in the
initial and follow-up examinations for several motor tasks of the Luria Motor Scale. At follow-up, older Mn-workers (>45 years at cessation of exposure) had
poorer scores than referents for tests of cognitive flexibility. Cumulated exposure was associated with poorer test scores for certain neuromotor and cognitive
tests and on a mood scale. Differences on certain tests observed at initial examination were not present at follow-up. Manganese exposure was associated with
persistent deficits for certain neuromotor functions, cognitive flexibility, and adverse mood states, while recovery occurred for other functions.
Bouchard et al., 2008

71 Mn-alloy workers
as study group
71 matched control
individuals (referents)
as control group

Time period between
cessation of exposure
and current analyses:
14 years.
Exposure time of
cohort members: 15.3
years (mean).
Stationary
environmental
sampling yielded Mn
levels:

Cumulative esposure
index (CEI) from Mn in
total dust: 19.0 mg
3
Mn/m x years (range
0.3 to 100.2 mg
3
Mn/m x years)
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Study to assess
neurotoxic effects and
their persistence over
time in a cohort of
alloy workers.
Historical
Mn
exposure data for
each study participant
were
those
determined in the
original cohort study
perfomed 14 years

2;
Study not designed
for
registration
purposes (no GLP,
GCP certification).
However, very robust
and reliable study
design.

Selection of human studies
REFERENCE

TEST SUBJECT

EXPOSURE/DOSE
AND TIME PERIOD

STUDY FINDINGS

environmental
sampling yielded Mn
levels:
MnDust: 0.89 mg/ml
MnResp: 0.04 mg/ml
(geometric means)

OBSERVATIONS/
EVALUATIONS

RELIABILITY

were
those
determined in the
original cohort study
perfomed 14 years
ago (Mergler et al.,
1994).

design.

The same symptoms
frequency
questionnaire
covering a battery of
neurofunctional
effects used in the
initial examination in
1990 (Study reported
by Mergler et. al.,
1994)
was
administered to 71
Mn-workers and 71
referents in 2004.
3

CEI (mg Mn/m
x
years) were grouped
into tertiles as follows:
Lowest: 6.0
Middle: 19.5
Highest; 58.2
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A gradual increase in
symptoms frequency
was observed for
complaints related to
hearing
and
movement control
both at initial and
follow-up examination
and fatigue and
autonomic nervous
system only at initial
examination.

According to the
document
EUR
17390EN,
1997,
study not absolutely
free
from
investigators bias,
some of the tests
may not have been
performed blinded,
due to the nature of
this
being
a
retrospective study.

Selection of human studies
REFERENCE

TEST SUBJECT

EXPOSURE/DOSE
AND TIME PERIOD

STUDY FINDINGS

OBSERVATIONS/
EVALUATIONS
examination.
An exposure-effect
relation was apparent
for symptoms related
to
m e m o r y,
concentration and
balance reported at
both examinations,
with Mn-workers in the
highest CEI tertile
reporting the highest
l e v e l
o f
symptomatology.
Sleeping complaints
were not associated
with exposure to Mn,
while musculoskeletal
pain and muscular
weakness
were
reported more often
by Mn-workers than
referents but were not
clearly related to CEI.
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RELIABILITY

Selection of human studies
REFERENCE

TEST SUBJECT

EXPOSURE/DOSE
AND TIME PERIOD

STUDY FINDINGS

OBSERVATIONS/
EVALUATIONS

RELIABILITY

Abstract: Long-term exposure to manganese (Mn) particulates through inhalation can be neurotoxic with deficits in neuromotor and cognitive domains. Mnexposed individuals also report symptoms, including fatigue, mood changes and irritability. Concentration difficulties and sweating in the absence of physical
effort. The long-term course of Mn-related symptoms after cessation of exposure has never been examined. Male workers from a Mn-alloy production plant
participated in a study on nervous system functions (initial examination) and were followed-up 14 years after plant closure. The relation between self-reported
symptoms and Mn cumulative exposure index (CEI) was examined among 71 Mn-alloy workers and 71 referents. Symptoms from the questionnaire were
grouped into categories and the reported frequency was compared between referents and Mn-alloy workers in each Mn CEI tertiIe using General Linear Models.
Controlling for age education and alcohol consumption. A gradual increase in symptoms frequency was observed for complaints related to hearing and
movement control both at initial and follow-up examination and fatigue and autonomic nervous system only at initial examination. In addition, an exposure-effect
relation was apparent for symptoms related to memory, concentration and balance reported at both examinations, with Mn-workers in the highest CEI tertile
reporting the highest level of symptomatology. Sleeping complaints were not associated with exposure to Mn, while musculoskeletal pain and muscular
weakness were reported more often by Mn-workers than referents but were not clearly related to CEI. The findings suggest that former Mn-alloy workers
continue to perceive symptoms many years after cessation of exposure, Despite the limitations of self-reported symptoms, subjective complaints are an
important part of a health assessment since they relate directly to perceived health status and day-to-day functioning.

Bowler et al., 2003

81 welders from
Eastern Texas as
study group;

Exposure time of
study participants:
24.9 years (mean);

83
unexposed,
randomly selected
non-welder individuals
form
the
same
geographic area as
control group. This
individuals
were
matched
for
demographics.

Exposure:
Selfreported duration of
welding hours with
according exposure to
welding fumes.
Mn concentrations
(ambient sampling
(dust or inhalable) or
personal sampling
(blood, urine) not
performed.
After completion of a
17
page
health
questionnaire,
a
battery
of
neurophysiological
test performed on
study group and
control group.

Welders and controls
performed similarly on
tests of verbal skills,
verbal retention, and
auditory span.
Welders performed
worse than controls
on tests of verbal
learning, working
memory,
cognitive
flexibility, visuomotor
processing speed,
and motor efficiency.
Welders had poorer
colour vision and
emotional status, and
increased prevalence
of illnesses and
psychiatric symptoms.
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Increased symptoms
in welders were
related to decreased
scores on tasks
measuring verbal
learning, visuomotor
abilities, visuospatial
abilities,
and
information
processing, and motor
efficiency.
The number of hours
welding
was
negatively related to
scores on verbal
learning, auditory
span,
working
memory,
cognitive
flexibility, and motor
efficiency

2;
Study not designed
for
registration
purposes (no GLP,
GCP certification).
However,
robust
study
design.
Hampered by the fact
that Mn exposure
levels
of
study
participants (ambient
or personal) were not
experimentally
determined.
According to the
document
EUR
17390EN,
1997,
study not free from
limitations (exposure,
identification
of
chemical
components) while
test were performed
blinded.
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EXPOSURE/DOSE
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study group
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STUDY FINDINGS

OBSERVATIONS/
EVALUATIONS

and

RELIABILITY
chemical
components) while
test were performed
blinded.

Examiners blind as to
the status of the
examined individual
(study group or control
group).

Abstract: This study compares the neuropsychological function, emotional status, visual function, and illness prevalence of 76 former and current chemical
industry welders primarily involved in steel welding, and exposed to welding fumes for an average of 24.9 years with that of 42 unexposed, non-welder controls.
Health and occupational history questionnaires were administered, as were the neuropsychological tests included in the World Health Organization
Neurobehavioral Core Test Battery, Luria Motor Test, and selected tests from the WAIS-III, and WMS-III. Emotional status tests included the BSI, POMS, BAI,
and BDI, and vision tests included the Smelled near visual acuity, Anthony d-15 colour vision, Distich Contrast Sensitivity, and Schemer strips. While welders and
controls performed similarly on tests of verbal skills, verbal retention, and auditory span, welders performed worse than controls on tests of verbal learning,
working memory, cognitive flexibility, visuomotor processing speed, and motor efficiency. Welders had poorer colour vision and emotional status, and increased
prevalence of illnesses and psychiatric symptoms. The increased symptoms in welders were related to decreased scores on tasks measuring verbal learning,
visuomotor abilities, visuospatial abilities, and information processing, and motor efficiency. Within the group of welders, the number of hours welding was
negatively related to scores on verbal learning, auditory span, working memory, cognitive flexibility, and motor efficiency.
Brown et. al., 1991

Refinery workers (19)
with high exposure.
Refinery workers (20)
with low exposure.
Cut off point between
high and low exposure
3
was 5 mg/m .
Air
sampling
ambient levels.

of

Mean exposure time:
Low 11.2 years + 9.69
High 12.61 years +
9.6
Levels of exposure:
3
Low 0.05 – 4.2 mg/m
High 9.64 – 15.58
3
mg/m

Comparative study
between
cohort
groups of two Mn
exposure levels.
Neuropsychological
evaluation.
Ambient exposure
sampling
and
personal sampling for
MnU
and
MnB
performed.
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Overall, neurological
manifestations
seemed
not
significantly
Mn
exposure
concentration
dependant.
Only significant finding
was
visuoconstructional
dyspraxia.

2;
Study not designed
for
registration
purposes (no GLP,
GCP certification).
However,
robust
study design with
somewhat
small
cohort sizes.
According to the
document
EUR
17390EN,
1997,
study not absolutely
free
from
investigators bias,
some of the tests
may not have been
performed blinded,
due to the nature of
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RELIABILITY
some of the tests
may not have been
performed blinded,
due to the nature of
this
being
a
retrospective study.

Abstract: This study contributes to the knowledge base concerning the neuropsychological sequelae of manganese (Mn) toxicity by comparing 19 refinery
workers with high levels of exposure to manganese dust (>5 mg/ml) to 20 workers with low exposure on a variety of neurological, neuropsychological, and
biochemical measures. Neurological and biochemical workups did not discriminate between exposure groups. Neuropsychological assessment suggested a
possible dysfunction of visuoconstructional praxis in the high-exposure group. There were significant correlations between level of exposure to Mn dust and (a)
concentration of Mn in urine and (b) the visuoconstructional dyspraxia. The findings were consistent with basal ganglia involvement (the ganglia are known to be
damaged by manganese) but require replication in larger samples using more detailed neuropsychological assessment procedures.
Chia et.al., 1993

Manganese
milling plant.

ore

17
Mn
exposed
baggers as study
group.
17
non-exposed
individuals (referents)
as control group.

Exposure time of
baggers: 7.4 years (
range 1 to 14 years).

Mn concentrations in
study group:

Neurobehavioral core
test battery perfomed.

MnB:

The exposed workers
had
significantly
poorer motor speed,
visual
scanning,
visuomotor
coordination,
visuomotor
and
response speed, and
visuomotor
coordination
and
steadiness, than the
control individuals.

25.3 µg/L (range 1592.5).
Mn Serum:
4.5 µg/L (range 2.032.8).
MnU:
6.1 µg/L (range 1.717.9).

Somewhat
small
cohort size, with an
huge variability in
duration of exposure
yet > than 1 year in
each case.
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2;
Study not designed
for
registration
purposes (no GLP,
GCP certification).
However,
robust
study design with
somewhat
small
cohort sizes and
ensuing
huge
variability of exposure
times.
According to the
document
EUR
17390EN,
1997,
study not free from
investigators bias, in
that some of the tests
may not have been
performed blinded,
due to the nature of
this
being
a
retrospective study.
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retrospective study.

Abstract: Neurobehavioral Core Test Battery of the World Health Organization was performed on 17 baggers (mean age 36.6 years) in a manganese ore milling
plant and 17 referents (mean age 35.7 years). The baggers had a mean exposure period of 7.4 (range 1-14) years with a mean blood manganese concentration
of 25.3 (range 15-92.5) µg/L [0.46 (0.27 1.68) µmol/L). Of the 37 symptoms related to the nervous system, 20 were more frequently reported by the exposed
workers. No significant differences were noted between the nerve conduction of the median and ulnar nerves of the dominant forearm of the two groups. The
exposed workers had significantly poorer motor speed, visual scanning, visuomotor coordination, visuomotor and response speed, and visuomotor coordination
and steadiness. A clinical examination did not reveal any abnormality among the two groups. Hence a neurobehavioral test battery may be a more sensitive
method than a clinical examination in detecting early changes in motor function among manganese-exposed workers.
Review type of study.

Chudasama et al.,
2006

Examines
the
evidence
that
implicates
frontostriatal systems
in neurodegenerative
and neuropsychiatric
disorders
with
somewhat similar
symptomatologies
such as Parkinson's,
Alzheimer's,
Schizophrenia and
attention deficit /
hyperactivity disorder
(ADHD).
Reviews the role of
dopamine in neuronal
functions and the
consequences of its
manipulation
in
experimental animals.
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Classification
in
regulatory sense not
applicable.
Study relies on data
obtained
from
individual studies not
designed
for
registration purposes
(no
G L P,
GCP
certifications for the
individual studies).
Moreover, according
to the document EUR
17390EN,
1997,
neither underlying
studies, nor the
current study itself
can be considered
absolutely free from
investigators bias.
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Abstract: In this study, a comparative and integrated account was provided of the evidence that implicates frontostriatal systems in neurodegenerative and
neuropsychiatric disorders. Specifically, we have made detailed comparisons of performance following basal ganglia disease such as Parkinson's disease, with
other informative groups, including Alzheimer's disease, schizophrenia and attention deficit/hyperactivity disorder and structural damage to the frontal lobes
themselves. We have reviewed several behavioural paradigms including spatial attention and set-shifting, working memory and decision-making tasks in which
optimal performance requires the operation of several cognitive processes that can be successfully dissociated with suitable precision in experimental animals.
The role of ascending neurotransmitter systems are analysed from the perspective of different interactions with the prefrontal cortex. In particular, the role of
dopamine in attentional control and spatial working memory is surveyed with reference to its deleterious as well as facilitatory effects. Parallels are identified in
humans receiving dopaminergic medication, and with monkeys and rats with frontal dopamine manipulations. The effects of serotonergic manipulations are also
contrasted with frontal lobe deficits observed in both humans and animals. The main findings are that certain tests of frontal lobe function are very sensitive to
several neurocognitive and neuropsychiatric disorders. However, the nature of some of these deficits often differs qualitatively from those produced by frontal
lobe lesions, and animal models have been useful in defining various candidate neural systems thus enabling us to translate basic laboratory science to the
clinic, as well as in the reverse direction.
Dorman et al., 2006
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Review type of study.

2;

The study mostly
reviews underlying
studies
have
evaluated the role of
direct nose-to-brain
transport of inhaled
manganese and have
examined differences
in
manganese
toxicokinetics
in
potentially sensitive
subpopulations (e.g.,
foetuses, neonates,
individuals
with
compromised hepatic
function or suboptimal manganese
intake, and the aged.

Study relies on data
obtained
from
individual studies not
designed
for
registration purposes
(no
G L P,
GCP
certifications for the
individual studies).
Moreover, according
to the document EUR
17390EN,
1997,
neither underlying
studies, nor the
current study itself
can be considered
absolutely free from
investigators bias.
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Abstract: There is increased interest within the scientific community concerning the neurotoxicity of manganese owing in part to the use of
methylcyclopentadienyl manganese tricarbonyl (MMT) as a gasoline fuel additive and an enhanced awareness that this essential metal may play a role in hepatic
encephalopathy and other neurologic diseases. Neurotoxicity generally arises over a prolonged period of time and results when manganese intake exceeds its
elimination leading to increases in brain manganese concentration. Neurotoxicity can occur following high dose oral, inhalation, or parenteral exposure or when
hepatobiliary clearance of this metal is impaired. Studies completed during the past several years have substantially improved our understanding of the health
risks posed by inhaled manganese by determining exposure conditions that lead to increased concentrations of manganese within the central nervous system
and other target organs. Many of these studies focused on phosphates, sulfates, and oxides of manganese since these are formed and emitted following MMT
combustion by an automobile. These studies have evaluated the role of direct nose-to-brain transport of inhaled manganese and have examined differences in
manganese toxicokinetics in potentially sensitive subpopulations (e.g., foetuses, neonates, individuals with compromised hepatic function or sub-optimal
manganese intake, and the aged). This manuscript reviews the U.S. Environmental Protection Agency's current risk assessment for inhaled manganese,
summarizes these contemporary pharmacokinetic studies, and considers how these data could inform future risk assessments of this metal following inhalation.
Hauser et al., 1994

Description of three
patients with biopsy
confirmed
liver
cirrhosis
and
associated
neurological
dysfunction.

Blood Mn levels in
patients were 18.8,
20.4, and 45,0 µg/L
versus 6.4, 8.8, and
10.2 µg/L in three
healthy
control
individuals.
MRI based study in
three clinical cases of
liver cirrhosis patients
with
neurological
dysfunctions.
Abnormal
signal
hyperintensity in the
globi pallidi and
substantia nigra on Tlweighted magnetic
resonance imaging
(MRI).
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Reliability checking of
the study in the
regulatory sense is
not applicable.
This
is
an
experimental
/
explorative study in
the clinic.
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Abstract: Manganese intoxication and chronic liver failure are associated with strikingly similar clinical, imaging, and pathological abnormalities. As manganese is
primarily cleared by the liver, inadequate elimination of manganese absorbed from the normal diet may lead to manganese overload in patients with liver
disease. We report a significant elevation of blood manganese concentration in 3 patients with biopsy-proved hepatic cirrhosis who exhibited neurological
dysfunction and characteristic abnormal signal hyperintensity in the globi pallidi and substantia nigra on Tl-weighted magnetic resonance imaging. We speculate
that manganese accumulation in the brain accounts for the magnetic resonance imaging abnormalities and contributes to neurological dysfunction in patients
with liver disease.
Iregren A., 1994

n.a.

The studies included
in the review were of
chronic nature, i.e.
manganese exposure
time
of
study
participants was > one
(1) year.

Review-type of study.
Reviews the four
published studies
available at the time
which reported on the
use of behavioural
measures to explore
possible CNS effects
from current industrial
levels of manganese
exposure
in
asymptomatic
populations.
The results of two
studies in press were
reviewed also.
The author suggests
that tests of motor
function are sensitive
to the effects from
manganese exposure.
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The author presents a
recommendation for a
core set of tests that
may be efficient to use
while testing for the
early
neurotoxic
effects from low level
manganese exposure,
i.e. at levels below 1
3
mg Mn/m in total
dust, considered as
the
minimal
concentration leading
to overt clinical
manifestation
of
manganese-induced
disease.
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The review relies on
data obtained from
individual studies not
designed
for
registration purposes
(no
G L P,
GCP
certifications for the
individual studies).
Moreover, according
to the document EUR
17390EN,
1997,
neither underlying
studies, nor the
current review itself
can be considered
absolutely free from
investigators bias.
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Abstract: The neurotoxic effects from chronic exposure to high concentrations of manganese dust are well known from studies of highly exposed miners, as well
as from numerous clinical reports. The very first of these reports dates back to the early 19th century (Couper, 1837). A thorough review of the toxicity of
manganese was provided by the WHO in 1981 (WHO, 1981). It is evident from these early reports that the critical effect from manganese exposure, i.e. the effect
used in the establishment of environmental exposure criteria, is the effect on the central nervous system (CNS). Furthermore, impaired motor functions are
clearly central to the manganese syndrome (WHO, 1981). It is also obvious from the clinical knowledge gathered over the years, that once the neurotoxic effects
from manganese exposure are openly manifested at the clinical level, the damage to the CNS is essentially irreversible, and may, in some cases, be progressive.
For this reason, detection of early signs of Mn exposure is fundamental to the prevention of chronic neurotoxic illness in manganese exposed populations. Very
few investigations have been studying early signs of manganese toxicity by the use of behavioural methods in groups of active workers before the onset of
clinically observable problems. To our knowledge, there are only four studies reported using behavioural measures to explore possible CNS effects from current
industrial levels of manganese exposure in asymptomatic populations (Siegl and Bergert, 1982; Roels et al., 1987; Iregren, 1990; Roels et al., 1992). This short
review will treat the results from these four published papers, together with some data from a recent study at the Universite de Quebec, Montreal (Mergler et al.,
1994) and the preliminary outcome from a study performed at the Institute of Occupational Health, University of Brescia, Italy (Lucchini et al., in press). The
paper also provides a discussion of some aspects that may make a test of motor function sensitive to the effects from manganese exposure, and, finally,
presents a recommendation for a core set of tests that may be efficient to use while testing for the early neurotoxic effects from low level manganese exposure.
Kim et al., 2005

111
Mn-exposed
workers as study
group;
Control group of
unexposed matching
controls not defined.

Exposure;
Ambient (MnAir):
3

0.50 mg/m (range
<0.04 – 4.80).
Blood (MnB):
1.24 mg/m
0.40-1.45).

3

(range

MRI
study
on
manganese with the
brain as target organ.
Structural equation
model developed to
allow for correlation of
manganese exposure,
pallidal index (PI) and
neurobehavioral core
test battery.
The
structural
equation
model
revealed that airborne
manganese and blood
manganese contribute
to PI significantly
PI
significantly
contributed to a
decrease
in
neurobehavioral test
scores.
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Reliability checking of
the study in the
regulatory sense is
not applicable.
This
is
an
experimental
/
explorative study in
the clinic, with a
robust study design
somewhat hampered
by the absence of a
defined study control
group.
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scores.
PI was the most
effective predictor of
neurobehavioral
performance, after
adjusting for age and
level of education.
PI on MRI reflects
target organ dose of
occupational
manganese exposure.
Abstract: In this study a structural equation model (SEM) was used to analyze the interrelationships among exposure markers, magnetic resonance imaging
(MRI) signal index, and neurobehavioral effects. Based on exposure groups, blood manganese (MnB), MRI measurements of pallidal index (PI), and
neurobehavioral core test battery (WHO-NCTB) on 111 male workers occupationally exposed to manganese, including welders, smelter workers, and welding rod
manufacturing workers were assessed. Latent variables were constructed to represent the neurobehavioral effects in an integrated way. The structural equation
model revealed that airborne manganese and blood manganese contribute to PI significantly. Manganese exposure in the ambient air may lead to an increase in
the internal dose, not only indirectly, by increasing blood manganese level, but also directly, independent of blood concentration. PI significantly contributed to a
decrease in neurobehavioral test scores. Airborne manganese (MnAIR) contributed to Pl, and that PI is the most effective predictor of neurobehavioral
performance, after adjusting for age and level of education. In conclusion, PI on MRI reflects target organ dose of occupational manganese exposure.
Kim Y., 1999

One single patient.

Exposure:

Case study.

Not measured at time
of first or second (6
months
after
cessation
of
exposure)
measurement.
Measurements
2
months
after
cessation of exposure:
MnB: 3.26 ug/dl
MnU: 3.57 ug/L

Magnetic resonance
imaging (MRI) findings
showed symmetrical
high
signal
intensities(PI) in the
globus pallidus on T1
weighted image at
time
of
first
measurement.
These intensities (PI)
disappeared almost
completely six months
after cessation of
exposure, i.e. at the
time of the second
measurement.
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Reliability checking of
the study in the
regulatory sense is
not applicable.
This is an
experimental /
explorative case
study.
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measurement.
Abstract: It is difficult to distinguish manganism from idiopathic Parkinsonism by clinical signs only. Case history and examination: A 48-year-old welder for over
10 years complained of masked face, right side (arm and leg) resting tremor, and bradykinesia for over one year. Magnetic resonance imaging (MRI) findings
showed symmetrical high signal intensities in the globus pallidus on T1 weighted image. These intensities disappeared almost completely six months after
cessation of exposure. JBF-6-fluorodopa (lIfF-dopa) positron emission tomography (PET) findings showed reduced lllF-dopa uptake in the left putamen, findings
which appear in idiopathic Parkinsonism. A PET study is necessary to distinguish manganism from idiopathic Parkinsonism, especially in a working environment
with elevated Mn concentrations, such as welding.
Klos et al., 2006

Comparison of Mn
effects in welders/
chronic liver failure
and Total Parenteral
Nutrition (TPN), 30
patients from Mayo
clinical records.

Dosage and time
period of exposure not
recorded.
Period of exposure
latency to effects (time
of exposure to time of
onset of effects).
Welders 11 years,
liver failure 14 years,
TPN 17 years.

MRI scans.

2

Clinical examination.

Small sample size.

Neuropsychological
profiles.

No actual exposure
data.

13/30 of patients had
subjective cognitive
complaints (7 welders,
4 liver failures and 2
TPN).
30 patients had MRI
R=T1 hyperintensity.

Abstract: The etiology of manganese neurotoxicity is heterogenous and includes exposure to welding fumes, chronic liver failure, and chronic total parental
nutrition (TPN). We recently reported that cognitive impairment occurs in welders and patients with chronic liver failure who had evidence of manganese
neurotoxicity including abnormal magnetic resonance imaging (MRI) basal ganglia T1 hyperintensity. In this study, we compared the neuropsychological profiles
of patients with manganese neurotoxicity and basal ganglia T1 hyperintensities from three different etiologies: welding, chronic liver failure, and chronic TPN.
Across all three groups, the neuropsychological profiles suggest frontal and subcortical cognitive impairment, with more widespread abnormalities occurring in
the non-welding groups.
Krieger et. al., 1995

10 patients with liver
end
stage
liver
disease {cirrhosis)
10 healthy controls;

Blood Mn in patients
34·4 µg/L (median);
blood Mn in controls
10·3 µg/L (median);

The
similarities
between
Mn
neurotoxicity and
chronic
hepatic
encephalopathy
suggest that this metal
68may have a role in the
pathogenesis
of
chronic
hepatic
encephalopathy

Brain tissue samples
reveal highest Mn
concentrations in the
caudate nucleus.

Reliability checking of
the study in the
regulatory sense is
not applicable.

Mn
accumulates
within the basai
ganglia
in
liver
cirrhosis.

This
is
an
experimental
/
explorative study in
the clinic.
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Duration of elevated
Mn levels in patients,
due to disease, not
known.

may have a role in the
pathogenesis
of
chronic
hepatic
encephalopathy

within the
ganglia
in
cirrhosis.

experimental
/
explorative study in
the clinic.

basai
liver

Pallidal
signal
intensity (PI) indices
correlated with blood
Mn
(Rs=0'8,
p=0·0058).

Abstract: Clinical observations and animal studies have raised the hypothesis that increased concentrations of manganese (Mn) in whole blood might lead to
accumulation of this metal within the basal ganglia in patients with end-stage liver disease. We studied ten patients with liver failure (and ten controls) by
magnetic resonance imaging (MRI) and measurement of Mn in brain tissue of three patients who died of progressive liver failure (and three controls) was also
done. Whole blood Mn concentrations in patients with liver cirrhosis were significantly increased (median 34·4 µg/L vs 10·3 µg/L in controls; p=0'OO04) and
pallidal signal intensity indices correlated with blood Mn (Rs=0'8, p=0·0058). Brain tissue samples reveal highest Mn concentrations in the caudate nucleus,
followed by the Quadrigeminal plate and globus pallidus. Mn accumulates within the basai ganglia in liver cirrhosis. Similarities between Mn neurotoxicity and
chronic hepatic encephalopathy suggest that this metal may have a role in the pathogenesis of chronic hepatic encephalopathy. Further studies are warranted
because the use of chelating agents could prove to be a new therapeutic option to prevent or reverse this neuropsychiatric syndrome.
Lees-Haley
2006

et

al.,

Data from individuals
exposed
to
manganese according
to the definitions in the
individual studies.

All studies included in
the meta-analysis
were of chronic
nature,
i.e.
manganese exposure
time
of
study
participants was > one
(1)
year;
mean
exposure time was
13.1 years.

When compared to
the total of 1’322
matching
control
individuals,
the
quantitative analysis
of neurophysiological
functions,
a
statistically significant
weighted mean effect
size of - 0.17 (p <
.0001) for manganese
exposure across the
1’410
study
participants
was
determined.
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This is a metaanalytical study, which
includes 20 recent
human cohort studies.
Data from a total of
1’410 manganese
exposed and a total of
1’322 unexposed,
matched
control
individuals
were
aggregated across
these 20 human
studies (each of them
had previously been
published in peer
reviewed journals.

2;
Study relies on data
obtained
from
individual studies not
designed
for
registration purposes
(no
G L P,
GCP
certifications for the
individual studies).
Moreover, according
to the document EUR
17390EN,
1997,
neither underlying
studies, nor the
current study itself
can be considered
absolutely free from
investigators bias.
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The authors caution
that because the
overall change in
effect size was so
small statistically, it
might be difficult to
ascribe changes in
neurophysiological
functions
to
manganese exposure
in single individuals,
because calculated
mean effect size (0.17).

can be considered
absolutely free from
investigators bias.

This study) and
standard deviation
(SD) of the test
applied may overlap.
Abstract: This article reports a meta-analysis of 25 samples in 20 peer-reviewed published neuropsychological studies of the cognitive, psychological, motor,
and sensory / perceptual effects of exposure to manganese. These studies included 1,410 exposed participants and 1,322 controls, for a total N = 2,732. Studies
were excluded from this analysis if they were unpublished, had uncodeable data, were based on fewer than four participants, failed to have a comparison group,
or reported on manganese effects other than cognitive or sensory/motor motor (e.g., liver functioning). Because the independent variables defining manganese
exposure varied across studies, effect sizes were calculated for exposed versus non-exposed workers. Dose-response relations were considered for measures
of manganese levels in air/ dust (84% of studies reported), blood (MnB; 76% reported), urine (MnU; 52% reported), and hair samples (4% reported). Level of
exposure was also estimated by reported years of exposure (M = 13.1 years). Cohen's d statistic yielded a statistically significant weighted mean effect size of .17, p < .0001 for manganese exposure. However, an effect this small is typically undetectable when evaluating individuals because it is smaller (about 1/6 SD)
than the confidence intervals of most neuropsychological measures. Because the effect is so slight and the overlap so great between exposed and unexposed
participants (87%), the error rate would exceed the hit rate if causal conclusions were rendered for occupational exposure to manganese as the source of an
individual's cognitive, sensory, or motor impairments based on neuropsychological testing or symptom reports.
Mergler et al., 1997

Review type of study.
Provides evidence for
neurofunctional
changes
in
manganese exposed
workers from a total
of 9 studies.

Provides evidence for
length of manganese
exposure and the
geometric means of
MnB and MnU in
exposed and control
individuals from a total
of 6 studies covering
412
exposed
individuals and 386
control individuals.

Changes associated
with exposure to
manganese include
-slowing
motor
functions, increased
tremor,
reduced
response
speed
70enhanced olfactory
sense,
possibly
memory
and
intellectual deficits,

Data extracted from 9
studies.

2;
Study relies on data
obtained
from
individual studies not
designed
for
registration purposes
(no
G L P,
GCP
certifications for the
individual studies).

Selection of human studies
REFERENCE

TEST SUBJECT

EXPOSURE/DOSE
AND TIME PERIOD

STUDY FINDINGS

of 9 studies.

individuals from a total
of 6 studies covering
412
exposed
individuals and 386
control individuals.

response
speed
enhanced olfactory
sense,
possibly
memory
and
intellectual deficits,
and mood changes.

OBSERVATIONS/
EVALUATIONS

RELIABILITY
(no
G L P,
GCP
certifications for the
individual studies).
Moreover, according
to the document EUR
17390EN,
1997,
neither underlying
studies, nor the
current study itself
can be considered
absolutely free from
investigators bias.

Abstract: It is possible to detect early signs of neurotoxic dysfunction associated with occupational and environmental exposure to manganese;
neurophysiologic and neurobehavioral tests can be used in the absence of clinical manifestations. Although outcomes from individual studies vary, they
collectively show a pattern of slowing motor functions, increased tremor, reduced response speed, enhanced olfactory sense, possible memory and intellectual
deficits, and mood changes. This overall portrait is consistent with the action of manganese on the central nervous system. In reports to date, there is little
consistency in dose-effect relationships between internal parameters of manganese exposure (blood manganese, urinary manganese, hair manganese) and
external measures and neurologic outcomes. Several studies suggest the existence of dose-effect relationships, but additional clarification is needed.
Meyer-Baron et al.,
2009

Data from individuals
exposed
to
manganese according
to the definitions in the
individual studies.

Inhalable manganese
concentrations varied
from 0.05 to 1.59
3
mg/m
across all
studies.
Manganese in blood
ranged from 8.1 to
48.4 µg/L across all
studies.

When compared to
the total of 815
matching
control
individuals
the
quantitative analysis
of
six
selected
neurophysiological
functions, manganese
exposure led to an
overall calculated
decrease
in
performance ranging
from –0.23 to –0.36
across all studies in
the total of 958
manganese exposed
individuals.
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This is a metaanalytical study, which
includes 13 recent
human cohort studies.
Data from a total of
958
manganese
exposed and a total of
815
unexposed,
matched
control
individuals
were
aggregated across
these 13 human
studies (each of them
had previously been
published in peer
reviewed journals.

2;
Study relies on data
obtained
from
individual studies not
designed
for
registration purposes
(no
G L P,
GCP
certifications for the
individual studies).
Moreover, according
to the document EUR
17390EN,
1997,
neither underlying
studies, nor the
current study itself
can be considered
absolutely free from
investigators bias.

Selection of human studies
REFERENCE

TEST SUBJECT

EXPOSURE/DOSE
AND TIME PERIOD

STUDY FINDINGS

OBSERVATIONS/
EVALUATIONS

individuals.

RELIABILITY
absolutely free from
investigators bias.

Abstract: This review aims at quantifying the evidence of performance effects resulting from occupational exposure to manganese. Epidemiological studies
published between 1987 and 2008 were analyzed. The approach was based on the meta-analytical method of effect size estimates and sought to contribute to
the following issues: (1) identification of the affected functions; (2) identification of sensitive neuropsychological tests; (3) analyses of exposure-effect
relationships. Thirteen studies examining 958 exposed and 815 unexposed workers were included in the meta- analysis. Mean concentrations of inhalable
3
manganese ranged from 0.05 to 1.59 mg/m , mean concentrations of manganese in whole blood ranged from 8.1 to 48.4 µg/L. Nineteen neuropsychological
performance variables were analyzed as they were included in at least three of the identified studies. Apart from two outcomes, the overall effects displayed a
negative impact of manganese on performance. Significant overall effects were obtained for six test variables; their size ranged from d· -0.23 to -0.36. Four of the
variables measured motor speed and two of them speed of information processing. The analysis of exposure-effect relationships showed that larger effect sizes
were more consistently associated with higher concentrations of inhalable manganese than with manganese in blood. The evidence of cognitive and motor
performance effects is in accordance with the knowledge about accumulation of manganese in the basal ganglia and the effect of manganese on the
neurotransmitter dopamine. Inconsistencies in the relationship between effect sizes and the biomarker manganese in blood were discussed in the context of
results indicating that the biomarker might not be sufficiently meaningful for the neurobehavioral alterations. Simple motor performance tests with a distinct speed
component seem to be highly recommendable for further studies. Because they seem to be appropriate for measuring manganese-related changes seem to
provide homogenous results and their outcomes show consistent relations to exposure. The rigorous quantitative approach was especially appropriate for
revealing exposure-effect relationships, but information about individual cumulative exposure would enhance the potential for risk assessment of manganese.
Zoni et al., 2007

Data from individuals
exposed
to
manganese according
to the definitions in the
individual studies.

This is a metaanalytical study, which
included
18
occupational studies,
17 environmental
studies, and 6 studies
on children.

Changes
in
neurobehavioral
effects were dosedependent in several
studies at exposure
levels well below 1 mg
3
Mn/m in total dust.

Exposure levels in all
studies selected and
examined was below
3
1 mg Mn/m in total
dust.

Analysis across all
studies revealed that
motor functions were
impaired most often in
adults.

All studies included in
the meta-analysis
were of chronic
nature,
i.e.
manganese exposure
time
of
study
participants was > one
(1) year.

Cognitive junctions
and behaviour were
more often affected in
children.
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Data for changes in
motor and cognitive
functions and mood
across all studies
were analyzed.
All studies examined
had previously been
published in peer
reviewed journals.
Effect sizes (i.e. mean
across all studies)
were not determined.
The authors propose
a set of selected
neurophysiological
tests that most reliably
report changes in
neurological
function(s) due to
manganese exposure.

2;
Study relies on data
obtained
from
individual studies not
designed
for
registration purposes
(no
G L P,
GCP
certifications for the
individual studies).
Moreover, according
to the document EUR
17390EN,
1997,
neither underlying
studies, nor the
current study itself
can be considered
absolutely free from
investigators bias.

Selection of human studies
REFERENCE

TEST SUBJECT

EXPOSURE/DOSE
AND TIME PERIOD

STUDY FINDINGS

time
of
study
participants was > one
(1) year.

OBSERVATIONS/
EVALUATIONS

RELIABILITY

neurological
function(s) due to
manganese exposure.

investigators bias.

Abstract: Manganese exposure can cause neurobehavioral and neurological signs and symptoms. A review of the literature was carried out in order to identify
the most sensitive and effective methods to assess these outcomes. Studies on manganese exposure performed with neuropsychological tests were reviewed
using Medline. Test methods, obtained outcomes, and dose-response relationships were considered. Based on the review and additional considerations. A
testing battery for adult and children was identified. A total number of 31 studies were reviewed and divided in 18 occupational, 7 environmental, and 6 on
children. A large variety of tests exploring motor and cognitive functions and mood were applied. Neurobehavioral effects were dose-dependent in several
3
studies and determined by much lower exposure levels compared to 1 mg Mn/m in total dust which is considered to be the minimum concentration able to
induce the classical clinical features of "manganism." Although through a wide variety of tests, the observed outcomes support the knowledge that manganese
exposure can cause neurobehavioral effects. Motor functions are mainly affected in adults, and cognitive junctions and behavior are more affected in children.
Literature on manganese neurobehavioral effect is quite consistent; however, further improvement may be achieved by using better structured and more
comparable evaluation methods. Based on the analysis of the existing experiences a test battery including tests of motor junctions, response speed, cognitive
functions, intellectual abilities, mood, and .symptom questionnaires is suggested. We recommend that the tests indicated should always be included in future
studies as a core battery.
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Human environmental exposure studies
Table 2:

Human environmental exposure studies

REFERENCE
Bouchard
2007a

et

al.,

TEST SUBJECT

EXPOSURE/DOSE
AND TIME PERIOD

OBSERVATIONS/
EVALUATIONS

STUDY FINDINGS

RELIABILITY

Human
children
Aged 6-15 years
(Median 11 years)

Comparison of 2
subject
groups
following exposure via
tap water at either
610 _g/L or 160 _g/L
from well water.

Hair concentration of
Manganese

Higher hair MN (MNH)
concentration
in
females than males –
higher levels of MNH
associated with higher
Mn levels in well
water. Elevated MNH
associated
with
elevated Oppositional
and Hyperactivity
scores in class. Hair
concentrations were
6.2 + 4.7 _g/g or 3.3 +
3.0 _g/g from high and
low
water
concentrations
respectively.
The
authors acknowledge
that
other
environmental cofounders were not
investigated.

2
The
authors
acknowledge the need
for
further
investigation and the
small sample size
minimises the value of
the statistics.

TOTAL = 46 Subjects
French Canadian
24 boys 22 girls
Similar
socio
economic status
Pilot Study

61%
high
exposure
39%
low
exposure

level
level

Oppositional,
hyperactivity cognitive
problems, inattention
and ADHD Index
collected
via
questionnaires of
parents and teachers
T scores are standard
scores collected from
raw data.

Abstract: Neurotoxic effects are known to occur with inhalation of manganese particulates, but very few data are available on exposure to Mn in water. We
undertook a pilot study in a community in Quebec (Canada) where naturally occurring high Mn levels were present in the public water system. Our objective was
to test the hypothesis that greater exposure to Mn via drinking water would be reflected in higher Mn content in hair which, in turn, would be associated with
increased level of hyperactive behaviours. Forty Forty-six children participated in the study, 24 boys and 22 girls, 6-15 years of age (median, 11 years). Their
homes received water from one of two wells (W) with different Mn concentrations: WI: mean 610 microg/L; W2: mean 160 pg/L. The Revised Conners' Rating
Scale for parents (CPRS-R) and for teachers (CTRS-R) was administered, providing T-scores on the following subscales: Oppositional, Hyperactivity, Cognitive
Problems/Inattention, and ADHD Index. Children whose houses were supplied by WI had higher hair Mn (MnH) than those supplied by W2 (mean 6.2+/-4.7
microg/g vs. 3.3+/-3.0 microg/g, p = 0.025). MnH was significantly associated with T-scores on the CTRS-R Oppositional (p = 0.020) and Hyperactivity (p = 0.002)
subscales, after adjustment for age, sex, and income. All children with Oppositional and Hyperactivity T-scores > 65 had MnH > 3.0 microg/g. The findings of this
pilot study are sufficiently compelling to warrant more extensive investigations into the risks of Mn exposure in drinking water.
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Human environmental exposure studies
Kilburn, 1987

Human Aboriginal
Population in Groote
Eylandt Syndrome in
children examined

Comparison
of
subjects for 293
3
malformations cohort
were examined for
neurological
disorders.

Examination of the
Birth Register as a
retrospective study.

Data reported without
the inclusion of a
control group.
Of note amongst the
malformations there
was
talipes
equinovarus
neurological
dysfunction seen in
1% of population.
Some of these show a
genealogical
association. Higher
human
hair
concentrations were
cited
but
not
measured.

2 (3)
The evidence is not
strong enough to
confirm
the
assertions.
No control group.

Abstract: na
Mergler et al., 1999

Human-Community
based assessment of
273
subjects
in
Southwest Quebec
20 – 69 years of age
151 females and 122
males

Assessment based on
Manganese levels in
blood (MnB) which
ranged between 2.5
and 15.9 _g/L (median
7.3 _g/L).
Lead,
mercury and iron
levels in blood were
also assayed.

A questionnaire on
socio-demographic
variables. Computer
and
hand
administered tests.
Computerised
neuromotor tests,
sensory evaluation
and
neurological
examination.
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Higher MnB levels
were associated with
poorer performance
for co-ordinated upper
limb
movements
unveiling hand/eye
movements, slower
co-ordinated
pronation/supination
test. In some tests
age was an extra
factor for poor results
in
some
tests.
Neurological
examination showed a
profile of neuromotor
deficits with higher
MnB.
A level of
>7.5 _g/L was a level
where effects were
observed.

2;
Results based on
MnB but as this is in a
community
it
is
assumed that steady
state was achieved.

Human environmental exposure studies
observed.
Abstract: Excessive manganese (Mn) has been associated with neurobehavioral deficits and neurological and/or neuropsychiatric illness, but the level at which
this metal can cause adverse neurotoxic effects, particularly with long-term exposure, is still unknown. The objective of the present study was to assess nervous
system functions in residents exposed to manganese from a variety of environmental sources. A random stratified sampling procedure was used to select
participants; persons with a history of workplace exposure to Mn and other neurotoxic substances were excluded. A self-administered questionnaire provided data
on socio-demographic variables. Blood samples were analyzed for total manganese (MnB), lead, mercury and serum iron. Nervous system assessment included
computer and hand-administered neurobehavioral tests, computerized neuromotor tests, sensory evaluation and a neurological examination. The present
analyses include 273 persons (151 women and 122 men); MnB range: 2.5 µg/L-15.9 µg/L (median: 7.3 µg/L). Multivariate analyses were used and neurooutcomes were examined with respect to MnB, taking into account potential confounders and covariables. Results were grouped according to neurofunctional
areas and MANOVA.
Rodriquez-Agudelo et
al., 2006

Human – 8 community
based evaluations of
288 (168 females, 120
males) in Mexico
- Homes of subjects
randomly selected
(excluded miners)

Evaluation based on
MnB
but
was
supported by air,
water
and
crop
samples.

A battery of tasks to
evaluate neuromotor
effects.

3 age groups (20 –
35, 35 – 60 and >60
years).

MnB levels (means
9.52 – 10.16 _g/L).
High percentage of
errors on reproducing
hand
positions,
alternating
hand
tasks.

2;
Results based on
MnB levels but as it is
a community based
project is assumes
steady state in blood
was achieved.

Higher
MnB
associated with 3
neuromotor tasks with
higher MnB at a
cutting
point
of
3
0.1% _g/m
(air
concentration)

Abstract: Overexposure to manganese (Mn) causes neurotoxicity (a Parkinson-like syndrome) or psychiatric damage ("manganese madness"). Several studies
have shown alterations to motor and neural behaviour associated with exposure to Mn in the workplace. However, there are few studies on the effects of
environmental exposure of whole populations. We studied the risk of motor alterations in people living in a mining district in Mexico. We studied 288 individual
people (168 women and 120 men) from eight communities at various distances from manganese extraction or processing facilities in the district of Molango. We
measured manganese concentrations in airborne particles, water, soil and crops and evaluated the possible routes of Mn exposure. We also took samples of
people's blood and determined their concentrations of Mn and lead (Pb). We used "Esquema de Diagnóstico Neuropsicológico" Ardila and Ostrosky-Solís's
neuropsychological battery to evaluate motor functions. Concentrations of Mn in drinking water and maize grain were less than detection limits at most sampling
sites. Manganese extractable by DTPA in soils ranged between 6 and 280 mg kg (-1) and means were largest close to Mn extraction or processing facilities. Air
Mn concentration ranged between 0.003 and 5.86 microg/m(3); the mean value was 0.42 microg/m(3) and median was 0.10 microg/m(3), the average value
(geometric mean) resulted to be 0.13 microg/m(3). Mean blood manganese concentration was 10.16 microg/l, and geometric mean 9.44 microg/l,
Torrente et al., 2005

Human
children
39 boys and 61 girls
(12 – 14 years of age)
living in regions of
Tarragona, Spain.

Comparison of hair
samples to determine
the exposure levels to
various
metals
including Manganese.

Measurement of MnH
and evaluation of
cognitive function in
76children in two regions
of Tarragona plus
evaluations
of

No differences seen
between
socioeconomic status
and cognitive function.
No
correlation
between cognitive

2;

Human environmental exposure studies
(12 – 14 years of age)
living in regions of
Tarragona, Spain.

the exposure levels to
various
metals
including Manganese.

cognitive function in
children in two regions
of Tarragona plus
evaluations
of
socioeconomic status.

socioeconomic status
and cognitive function.
No
correlation
between cognitive
function and levels of
MnH were observed.
The concentrations of
MnH
showed
significant variability.

It is not clear whether
the difference of
0.08 _g/g for MnH
between the two
regions
can
be
regarded as two
distinct subgroups.

Abstract: The objective of this study was to establish the potential relationship between the levels of various metals in hair and cognitive functions in children
living in zones of Tarragona (Catalonia, Spain) with different metal pollution levels. Thirty-nine boys and 61 girls (12-14 yr old) from various schools were selected
for the study. The concentrations of cadmium (Cd), chromium (Cr), mercury (Hg), lead (Pb), manganese (Mn), nickel (Ni), and tin (Sn) in scalp hair were
determined by inductively coupled plasma- mass spectrometry (ICP-MS). Attention, visuospatial capabilities, and abstract reasoning were assessed as indicators
of cognitive impairment. Three categories of attention were defined: low, medium, and high. A significant negative correlation (p=0.019) between Pb levels in hair
and attention was observed. Significant differences between Pb levels in hair in low- and medium-performance groups and those in the high-performance group
were also found. Moreover, a positive correlation (p=0.048) between Hg hair concentrations and visuospatial capabilities was also noted.
Wright et al., 2006

Human (32) children
11 – 13 years (47%
males) from science
classes
from
Northeast Oklahoma,
USA (heavy mining
area)

Community based
project
studying
volunteers from area
with suspected high
levels of metals,
particularly arsenic.

Mn in hair compared
with a battery of
neuropsychological
tests.

Pilot Study

Manganese in hair
values ranged from
89.1 – 2145.3. Mn
levels
in
hair
consistently
associated inversely
with children’s scores
for verbal, learning
and memory.

2;
The wide range of hair
Mn values and small
sample size restrict
the confidence values
for the associations.

Abstract: A pilot study was conducted to explore the potential associations between hair metal levels and the neuropsychological function and behaviour of
school-aged children. Thirty-two children, 11-13 years old, were administered a battery of tests that assessed general intelligence, visual-motor skills, receptive
language, verbal memory, nonverbal problem-solving, and behaviour problems. Parents and teachers rated the children's attention, executive functions, and
behaviour problems. The concentrations of manganese (Mn), arsenic (As), and cadmium (Cd) were measured in hair samples provided by 31 of the children. The
mean hair metal levels were: Mn, 471.5 parts per billion (ppb); As, 17.8 ppb; Cd, 57.7 ppb. Children's general intelligence scores, particularly verbal IQ scores,
were significantly related, inversely, to hair Mn and As levels, as were scores on tests of memory for stories and a word list. In some cases, a significant Mn-by-As
interaction was found. It appeared that it was the low scores of children for whom both Mn and As levels were above the median values in the sample that were
responsible for the main effects observed for each metal. No other significant relationships were found. These results suggest the need to study further the
neuropsychological correlates of developmental exposure to Mn and As, particularly as a mixture.
Ejima et al., 1992

Case Study
62 year old male

2.2 mg daily Mn
parenterally for 23
months.

MRI scan.
Clinical assessment

77

Gait disturbances
following Mn therapy.
MRI scan showed
symmetrical highsignal intensity on T1
weighted images in
the basal ganglia

2

Human environmental exposure studies
Gait
disturbance
following total parental
nutrition following
bowel resection

months.

symmetrical highsignal intensity on T1
weighted images in
the basal ganglia
pallidum.
(Author
used
the
term
Parkinsonism
to
describe
this).
Withdrawal of Mn
showed a diminution
of “parkinsonism”.

Cumulative dose 1.5 g
Mn
Followed
by
withdrawal of Mn
therapy
and
Biperiden/ levodopa
therapy.

Abstract: na
Beuter et.al. 1999a

297 subjects from
French
speaking
southwest Quebec
near
a
closed
Ferroalloy Plant.

Study based around
association to MnB
levels.

MnB.
Motor
function
assessments
including
rapid
alternating
movements,
rapid/precise pointing
movements
and
tremor.
Age and
gender
were
assessed.
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Low level exposure to
Mn associated with
decreased ability to
perform rapid/precise
pointing, inability to
maintain maximum
rotation speeds in
alternating
movements.
There
was an increase in
regularity of tremor
oscillations.

2;

Human environmental exposure studies
Abstract: The effect of low level exposure to manganese (Mn) was examined in 297 subjects from southwest Quebec. Blood manganese (MnB) levels as well as
other possibly relevant variables were obtained. We tested equipment and analysis procedures that we have developed to quantify aspects of motor function
thought to be affected by exposure to toxins, in particular, rapid alternating movements, rapid and precise pointing movements, and tremor. (1) The
eurythmokinesimeter measures timing and precision of contacts between a hand-held stylus and a pair of metal targets (proximal/distal). This roughly
approximates the finger-to-nose test of the UPDRS. Characteristics quantifying speed, precision and regularity of the movements were calculated, as well as
multiple contacts due to tremor and an index based on Fitts' Law eliminating the effect of the trade-off between speed and precision. (2) The diadochokinesimeter
accurately measures rapid rotation of the forearms (pronation / supination). Characteristics quantifying the range, speed, period, shape and regularity of the
oscillatory movements were calculated, as well as the smoothness of the movement on a fine scale and the coordination between the two hands. (3) Postural
tremor of the arm and hand was measured using the accelerometry-based "TREMOR" system of Danish Product Development. We used the amplitude and
frequency characteristics provided by the TREMOR system: intensity, centre frequency, dispersion and harmonic index. Previous studies have shown that these
tests are sufficiently sensitive to detect small differences in performance of different groups of subjects, with indications that some characteristics are also specific
to particular conditions. In this study, significant though small effects related to age and gender were found in many of the characteristics. When effects of other
variables are removed, low-level exposure to Mn was found to be associated with a decrease in ability to perform regular, rapid and precise pointing movements,
a decrease in ability to attain high maximum rotation speeds in rapid alternating movements, and an increase in regularity of tremor oscillations. Moreover, the
effects are age-related for levels of MnB 7.5, µg/L.
Elsner et al., 2005

Literature review of
Mn toxicity to humans
via shower water (as
part of a review
including rat data)

Author provided a
hypothesised
exposure
level
following 10 minute
shower
over
prolonged periods to
levels of 0.1 – 0.5
mg/L.

Evaluations based on
rodent exposure via
olfactory uptake and
subsequent
neurological effects.

Authors assumed
similar levels of
uptake of aerosolised
Mn in showers at
hypothesised
exposure
levels.
These levels are
between 1.5 and 3.0
times higher than that
causing neurological
effects in rats.

2;
Assumptions about
human/rodent
olfactory uptake.

Abstract: Manganese (Mn) is an essential trace element but is neurotoxic at high doses. Showering with Mn-laden water has never been evaluated as a central
nervous system (CNS) delivery vector for Mn, even though intranasally administered Mn in laboratory animals circumvents the blood-brain barrier and passes
directly into the brain via olfactory pathways. OBJECTIVE: To review the literature on Mn and attempt to quantify potential human CNS exposure to manganese
from showering. DATA SOURCES: We systematically searched Medline 11/9/02 and again on 3/9/04. The following search terms were used: manganese, water,
drinking water, shower, showering, bath, bathing and inhalation, then combined with "water or drinking water or showering or shower or bathing or inhalation."
STUDY SELECTION: Animal experimental investigations, human epidemiological studies, and consensus and governmental reports were utilized. DATA
EXTRACTION: Data were extracted by both authors and extrapolations to humans were calculated by one of us (JGS) controlling for age, length of exposure and
known respiratory differences between rats and humans. DATA SYNTHESIS: During a decade of showering in Mn-contaminated water, models for children and
adults show higher doses of aerosolized Mn (3-fold and 112-fold greater, respectively) than doses reported to cause Mn brain deposition in rats. CONCLUSIONS:
Long-term shower exposure to Mn-laden water may pose a significant risk for CNS neurotoxicity via olfactory uptake in up to 8.7 million Americans. If our results
are confirmed, regulatory agencies must rethink existing Mn drinking water standards.
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Human environmental exposure studies
Santos-Burgoa et al.,
2001

Pilot Study in central
Mexico. 73 subjects
(52 women) from
community near ore
refining plant. Crosssectional study.

Air manganese 2-3
times urban values.

Neuropsychological
examination.

MnB 7.5 – 8.8 _g/L
from 2 communities.

Environmental
sampling.

2 km and 25 km from
plant.

MnB.

Association between
increased MnB and
deficient cognitive
performance plus
reduced plasma lipid
peroxidation.

2.;
Difficult to establish
contribution of lead or
manganese alone.

Plasma
lipid
peroxidation platelet
MAO activity.
Lead levels
examined.

also

Abstract: To support a risk assessment of manganese exposure in two communities living within a manganese mining district a cross-sectional study was
performed on a sample of the adult population of long-term residents. One community was exposed to a point source from an ore primary refining plant.
Manganese is an essential mineral for human life. It is also the fourth in importance for industrial metal making. Data were collected on socioeconomic living
conditions, emission sources, environmental media concentrations (air, water, soil, dust, food), respiratory symptomatology, and a neuropsychological
examination (Mini-Mental Screening test, the Hooper Visual Organization test, the Ardila-Stroke, and others). We examined 73 subjects (52 women), most of low
socioeconomic status. Environmental air concentrations were 2 to 3 times higher than those in other urban concentrations. Manganese blood concentrations
ranged from 7.5 to 88 µg/L, with a median concentration of 15, the upper quartile starting at 20 µg/L; the upper 10% was above 25 µg/L. Lead and manganese
were highly correlated; there was an inverse relation to haemoglobin. Reduced levels of plasma lipid peroxidation were associated with blood manganese. Using
multivariate logistic regression, we identified B-Mn as increasing the risk of deficient cognitive performance 12 times (Mini-Mental score of less than 17).
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Human occupational exposure studies
Table 3:

Human occupational exposure studies

REFERENCE

TEST SUBJECT

Bowler et al., 2007

Human – Welders
from
the
construction
industry.
43 eligible from a
group of 49 working
on specific project
and included those
with no history of
welding in confined
spaces.

EXPOSURE/DOSE
AND TIME PERIOD

OBSERVATIONS/
EVALUATIONS

Exposure from up to
2 years of welding in
closed spaces with
poor ventilation and
protection.
11
welders had clinical
cases.

Clinical neurological examination
exposure assessment.
MnB
evaluation, neuropsychological
examination, neurophysiologic
assessment.

STUDY FINDINGS

RELIABILITY

Air Manganese and
cumulative exposure
3
index 0.22 mg/m and
3
2.73 mg/m /month. MnB
for 8 cases >10 _g/L
otherwise no difference
in MnB levels amongst
clinical cases and
remainder of welders
when compared with
other
studies.
Neurological,
neurophysiological and
neuropsychological
effects were observed.

2;
The data does
suggest
a
significant
association
between
exposure and
effect.

Abstract: Welding fume contains manganese (Mn) which is known to be bio-available to and neurotoxic for the central nervous system. Although an essential
metal, Mn overexposure may cause manganism, a Parkinsonism syndrome. The present welder study sought to improve the clinical portrait of manganism and
to determine dose-effect relationships. The welders were employed in the construction of the new Bay Bridge (San Francisco) and welded in confined spaces
for up to 2 years with minimal protection and poor ventilation. Neurological, neuropsychological, neurophysiological, and pulmonary examinations were given to
49 welders. Clinical cases were selected on the basis of apriori defined criteria pertaining to welding history and neurological/neuropsychological features.
Among the 43 eligible welders, 11 cases of manganism were identified presenting with the following symptoms
Deschamps et al.,
2001

Human
Enamels
–
production workers
138 Mn exposed
and 137 controls.

Exposure
to
Manganese for a
mean period of 19.87
years + 9.50 at low
levels of Manganese.
Total respirable dust
3
2.05 _g/m (personal
and
stationary
recordings)
- range 0.5 – 10.2
and total Mn levels
3
35.07 _g/m
(range
10 – 293)

MnB recorded and neurological
examination plus psychomotor
tests. Tests and results were
grouped according to exposure
period.
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MnB levels no different
from controls.
No
significant effects seen
following long term low
level exposure

2

Human occupational exposure studies
REFERENCE

TEST SUBJECT

EXPOSURE/DOSE
AND TIME PERIOD
10 – 293)

OBSERVATIONS/
EVALUATIONS

STUDY FINDINGS

RELIABILITY

Abstract: The purpose of this study was to examine the effects on the nervous system in enamels-production workers who have low levels of and long
exposure to manganese (Mn). The study included 138 Mn-exposed workers and 137 controls who received questionnaires on symptoms, a battery of
psychological tests, and assessments of blood concentrations of metal. The exposure levels to airborne Mn concentrations were determined by personal and
stationary samplings. The mean duration exposure to Mn was 19.87 years (SD +/- 9). The workers exposed to Mn reported more nonspecific subjective
complaints than the control group. No effect of Mn exposure was indicated by the results of any of the neuropsychological tests. The Mn workers did not have
3
higher concentrations of Mn in blood than the controls. Exposures of workers currently working with Mn averaged 57 µg/m respirable (personal samplings) and
3
12 g/m
Lucchini et al., 1997

Human
cross
sectional study
35 male workers
from
ferroalloy
production plant in
Italy.
Mean age 39.4
years and a control
group of industrial
workers
not
exposed to neuro
toxicants.

Exposure
period
ranged from 5 – 29
years.
Airborne
concentrations of Mn
3
= 93 _g/m .
A calculated exposure
was used (cumulative
exposure) 95% of Mn
was in an oxide form.

Air sampling 1 month prior to
testing motor function tests.
Olfactory perception test to PMcarbinol.
MnB and MnU measured.

No
d i ff e r e n c e
population
characteristics.

in

MnB and MnU levels
higher in exposed
groups.

2
Not evident if
other
contaminants
were measured.

Psychomotor function
scores lower in Mn
exposed
workers.
Aiming score negatively
correlated with MnB
levels.

Abstract: A cross-sectional study was conducted in 35 male subjects randomly selected from workers of a ferroalloy production plant and exposed to
manganese (Mn) oxides; the objective was to detect early signs of neurologic impairment. The subjects' mean age was 39.4 years (SD, 8. 4); the average
exposure duration was 14.5 years (range, 5-29 years). A control group of industrial workers not exposed to neurotoxic chemicals and comparable in age and
confounding factors was recruited. The intensity of Mn exposure was moderate, as reflected by airborne Mn concentrations in total dust averaging 193
3
[corrected] µ g/m . Mn levels in blood (MnB) and urine (MnU) were significantly higher in the Mn-exposed workers than in control workers. A relationship (not
found with MnU) was found between MnB and a cumulative exposure index calculated on the basis of air concentration and exposure history for each subject (r
= 0.52; r2 = 0.27;

Lucchini et al., 1999

Human study
61 Ferroalloy male
workers and 87
controls from a
production plant in
Brescia, Italy.

Average Mn in dust
for all different work
activities
was
3
54.25 _g/m .

Health questionnaire including
assessment
of
potential
Parkinsonism neurobehavioural
and neurophysiological tests.

82

Positive
correlation
between airborne Mn and
MnB (MnU and MnB
higher in exposed
individuals).

2
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production plant in
Brescia, Italy.

EXPOSURE/DOSE
AND TIME PERIOD
Cumulative exposure
3
index was 70.8 _g/m .
Average exposure
was 15.17 years.

OBSERVATIONS/
EVALUATIONS
Airborne Pb. Fe and Mn
performed during testing. Socioeconomic assessment including
alcohol consumption MnB and
MnU.

STUDY FINDINGS

RELIABILITY

individuals).
Higher levels of irritability,
loss of equilibrium and
rigidity in Mn exposed
group.
Statistically
diff e r e n t
tremor
parameters than control.
Impaired motor functions/
memory functions.
Av e r a g e
airborne
exposure over a lifetime
was considered to be
3
less than 100 _g/m /year.

Abstract: In this study, a battery of neuropsychological tests was administered to a group of 61 ferroalloy male workers and 87 controls. The average
3
3
(geometric mean) manganese concentrations in total dust at the plant have changed from 1981 to 1997 respectively from 1597.03 µg/m to 239 µg/m at the
3
3
furnace area; from 151.53 to 255.76 µg/m at the casting area; from 167 to 54.7 µg/m at the maintenance (welding) operations, yielding a current overall value
3
3
of 54.25 µg/m . A cumulative exposure index was calculated for each alloy worker and the average value (geometric mean) resulted to be 1204.87 µg/m x
3
years, which divided by the average length of exposure (15.17 years), showed the concentration of 70.83 µg/m of manganese in total dust. Blood and urinary
manganese geometric means resulted significantly higher in the exposed workers (9.18 µg/l and 1.53 µg/g creatinine, respectively) than in
Myers et al., 2003a

Human blue and
white collar workers
from South Africa.
(489 test subjects)
Mean
years.

age

39.3

Mean
exposure
period 10.8 years.
Mean
cumulative
exposure
index
3
2.2 mg/m /year.
Average intensity
3
0.21 mg/m /year
MnO2
was
test
material.

Clinical examination.
Airborne dust measurements.
Motor function tests.
Socio-economic assessment via a
questionnaire.

83

No manganese exposure
related effects were
observed at the exposure
levels reported.

2;
No
control
group was used
for comparison.
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Occupational exposure to airborne manganese dust has been shown to produce adverse effects on the central nervous system. Four hundred and eighty-nine
blue and white collar manganese mineworkers from South Africa were studied cross-sectionally to investigate the nervous system effects of medium to low
occupational manganese exposures. The different facilities included underground mines, surface processing plants, and office locations. A job exposure matrix
was constructed using routine occupational hygiene data. Exposure variables included years of service, a cumulative exposure index (CEI) and average
intensity of exposure (AINT) across all jobs, and blood manganese. Endpoints included items from the Q16, WHO-NCTB, SPES, and Luria-Nebraska test
batteries, and a brief clinical examination. Potential confounders and effect modifiers included age, level of education, past medical history including previous
head injury, previous neurotoxic job exposures, tobacco use, alcohol use and home language. Associations were evaluated by multiple linear and logistic
3
regression modelling. Average exposure intensity across all jobs was 0.21mg/m manganese dust. Multivariate analyses showed that none of the symptoms or
test results were associated with any measure of exposure including blood manganese, after adjustment for confounders. This relatively large null study
indicates that manganese miners exposed on average across all jobs to MnO (2) at levels near the American Conference of Governmental Industrial Hygienists
Threshold Limit Value (ACGIH TLV) are unlikely to have a subclinical neurotoxicity problem.
Ono et al., 2002

Case Report.
17 year old male
with 2 years electric
arc
welding
exposure.

Exposure
assessment
conducted.

not

Ti-weighted MR imaging. Clinical
examination.

Myoclonic involuntary
movement in right upper
and lower extremities.
Impaired “finger to nose”
test.
Findings associated with
Mn exposure.

2;
Single
case
report with no
assessment of
actual
exposure.

Abstract: We report a 17-year-old man showing myoclonic involuntary movement (IVM) associated with chronic manganese (Mn) poisoning. The patient, a
welder, showed myoclonic IVM mainly in the right upper and lower extremities, elevated levels of Mn in the blood and hair and high-intensity signals in the
globus pallidus on T1-weighted MR images. Chelation therapy resulted in improvement of the myoclonic IVM and MRI abnormalities. This is the first report of
Mn poisoning characterized by myoclonic IVM without Parkinsonism.
Roels et al., 1992

92 workers from dry
alkaline battery
production with 102
age-matched
controls.

A mean exposure
period of 5.3 years to
MnO2.
Mn
determinations by
personal air sampling
range 21 – 1317 _g
3
Mn/m
(geometric
mean to 215 and 948
3
MgMn/M .

MnU and MnB neurophysiologic
tests amongst a battery of
endocrine/respiratory testing (not
reported in this review).
Neurofunction tests.
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MnU and MnB higher
than controls.
No difference in audio
verbal
short
term
memory scores less
satisfactory results for
visual reaction time, eyehand
co-ordination.
Authors suggested an
increased
risk
of
peripheral tremor.

2
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Abstract: In this study, the prevalence of neuropsychological and respiratory symptoms, lung ventilatory parameters, neurofunctional performances (visual
reaction time, eye-hand coordination, hand steadiness, audioverbal short term memory), and several biological parameters (calcium, iron, luteinising hormone
(LH), follicle stimulating hormone (FSH), and prolactin concentrations in serum, blood counts, manganese (Mn) concentration in blood and in urine) were
examined in a group of workers (n = 92) exposed to MnO2 dust in a dry alkaline battery factory and a matched control group (n = 101). In the battery plant, the
3
current exposure of the workers to airborne Mn was measured with personal samplers and amounted on average (geometric mean) to 215 and 948 µg Mn/m
for respirable and total dust respectively. For each worker, the lifetime-integrated exposure to respirable and total airborne Mn dust was also assessed. The
geometric means of the Mn concentrations in blood (MnB) and in urine (MnU) were significantly higher in the Mn exposed group than in the control group (MnB
0.81 ± 0.68 µg/100 ml; MnU 0.84 ± 0.09 µg/g creatinine). On an individual basis, MnU and MnB were not related to various external exposure parameters
(duration of exposure, current exposure, or lifetime integrated exposure to airborne Mn). On a group basis, a statistically significant association was found
between MnU and current Mn concentrations in air. No appreciable difference between the exposed and the control workers was found with regard to the other
biological measurements (calcium, LH, FSH, and prolactin in serum). Although the erythropoietic parameters and serum iron concentration were in the normal
range for both groups, there was a statistically significant trend towards lower values in the Mn exposed workers. The prevalences of reported
neuropsychological and respiratory symptoms, the lung function parameters, and the audioverbal short term memory scores did not differ between the control
and exposed groups. The Mn workers, however, performed the other neurofunctional tests (visual reaction time, eye-hand coordination, hand steadiness) less
satisfactorily than the control workers. For these tests, the prevalences of abnormal results were related to the lifetime integrated exposure to total and
respirable Mn dust. On the basis of logistic regression analysis it may be inferred that an increased risk of peripheral tremor exists when the lifetime integrated
3
exposure to Mn dust exceeds 3575 or 730 µg Mn/m x year for total and respirable dust respectively. The results clearly support a previous proposal by the
authors to decrease the current time weighted average exposure to Mn dust.
Roels et al., 1999

Dry alkaline battery
workers (initially 92
workers reduced to
34 at end of
examination period).
8 year longitudinal
investigation plus 24
workers
with
cessation
of
exposure.

Exposure groups in 3
categories 400, 600
3
and 2000 _g/m of
Mn.
Examination
period over 8 years
and personal air
sampling conducted.

Restricted to hand/ forearm
movement.
Eye-hand coordination, hand steadiness and
visual reaction time.
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At
lowest
level
manganese exposure
3
dropped to 130 _g Mn/m
and there was an
elimination of an effect
on
hand/forearm
movement.
No
improvements in hand
steadiness or visual
reaction time plus a
persistent loss of eyehand
co-ordination
(improved after complete
lack of exposure for at
least 3 years).
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Abstract: In 1987, a cross-sectional study in a dry-alkaline battery plant in Belgium revealed subclinical neurobehavioral dysfunctions associated with inhalation
exposure to manganese dioxide (MnO2) particulate. The overall geometric mean of the time-weighted average concentration of manganese (Mn) in "total" dust
3
(MnT) amounted, at that time, to 1 mg Mn/m and the duration of exposure was 5.5 years on average. An 8-year longitudinal investigation was conducted in this
cohort (n = 92) in order to find out whether early effects on eye-hand coordination (EHC), hand steadiness (HST), and simple visual reaction time (VRT) were
reversible when the airborne manganese concentration at the workplace was abated. During the observation period from 1988 to 1995, MnT monitoring was
implemented on a monthly basis producing more than 1300 personal air samples, EHC tests were given yearly to assess the precision of the hand-forearm
movement (PN1), and HST and VRT tests were carried out yearly since 1991. By the end of the study, the cohort size had dropped to 34 subjects. The model of
unbalanced repeated measurements with unstructured covariance matrix and a time-varying covariate (log MnT) was the most appropriate to analyze the data.
Wald chi 2 statistic was used for testing time-trends. The reduction of MnT over time was significantly associated with an improvement of the PN1 values (total
cohort: Wald chi 2 = 8.5, p = 0.004; beta log MnT = -6.098 +/- 2.096). Like in the total cohort, time-trends were also found in the three exposure subgroups
3
which could be identified in the cohort (average MnT over 1987-1992 were about 400, 600, and 2000 micrograms Mn/m for the low, medium, and high
exposure subgroups, respectively). Only in the low exposure subgroup the PN1 value normalized when MnT (provisional estimates) decreased from about 400
3
to 130 micrograms Mn/m by the end of the study. Solely the reduction in MnT explained these findings on PN1, while a "healthy-worker-effect" mechanism was
unlikely to have operated. The prognosis for the medium and high exposure subgroups remains uncertain as the improvement of their EHC performance may
have been affected by past MnO2 exposure to such an extent that the persistence of a partial loss of EHC ability is suggested. The time courses of the HST and
VRT test results, however, indicated the absence of any improvement, suggesting irreversible impairment of hand stability (postural tremor) and simple visual
reaction time. A separate examination in a group of 39 control subjects, re-tested 10 years after the first test in 1987, virtually precluded age as confounding
factor in this prospective study. The findings of the longitudinal study are corroborated by the outcome of a separate follow-up study in a group of 24 ex-Mn
employees, who showed in 1996 a significant improvement of eye-hand coordination after at least three years with no MnO2 exposure; as to HST and VRT,
there was no significant change in the deficit of these two neurobehavioral markers.
Kim et al., 2007

251 welders from a
survey
of
30
shipyards in Korea.
(11 factories having
more than 10 CO2
welders selected).
100 age-matched
controls.

Duration of welding –
mean 17.9 years (+
8.1).
Exposure
established
from
previous
measurements to
give a CEI of
3
1.4 mg/m + 11.6%
3
>3.0 mg/m for Mn.

Blood assays for DA, TRH, FSH,
LH, TST plus current airborne Mn.

Current Mn airborne level
3
was 3.8 mg/m .
DA was decreased and
TRH increased with
increasing CEI up to
3
2 mg/m then decreased.
Conclusion was that Mn
exposure suppresses the
inhibitory
feedback
control of DA
on
hypophysical-pituitary
axis.
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No historical
data
on
exposure.
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Abstract: To evaluate the effect of occupational exposure to manganese (Mn) on serum prolactin (PRL) and the interrelationship among other hypophysealpituitary hormones, a cross-sectional study was conducted on 251 welders and 100 age-matched, office workers. We analyzed serum PRL, dopamine (DA),
thyroid stimulating hormone releasing hormone (TRH), follicle stimulating hormone (FSH), luteinizing hormone (LH) and testosterone (TST) and measured
current airborne Mn concentration in the welders. Cumulative exposure index (CEI) of airborne Mn was calculated. CEI and the present Mn level of the welders
3
were 1.4+/-1.1mg/m3 year (range: 0.0-4.9) and 0.4+/-3.84 mg/m (range: 0.0-3.8), respectively. TRH, FSH and LH were higher in welders (5.08 pg/ml, 7.40 and
4.91 mIU/ml, respectively) than in office workers (3.91 pg/ml, 6.15 and 4.00 mIU/ml, respectively) (p<0.05). DA was decreased and TRH was increased
3
significantly with increasing CEI. DA increased up to CEI 2.0mg/m3 year or mean Mn level up to 0.2mg/m , then decreased. PRL showed increasing tendency
above the CEI and mean Mn level at which DA started to decrease. PRL was positively associated with DA in the office workers. However, such a normal
feedback control of DA on PRL was not observed in the welders. Structural equation model (SEM) analysis showed that CEI was positively related to TRH and
negatively related to DA. TRH increased PRL. PRL increased LH and perhaps FSH, and on the other hand, decreased TST. These results showed that Mn
suppresses the inhibitory feedback control of DA on the hypophyseal-pituitary axis. In conclusion, we postulate that suppressed dopaminergic inhibitory function
on the hypophyseal-pituitary axis might be the mechanism for the increased PRL exhibited in the welders.
Shin et.al., 2007

Nationwide survey
396 completed all
tasks.
All from
factories in South
Korea. 350 used in
analysis.

Airborne
levels
measured from 205 of
original 750 workers,
calculated exposure
levels for others.
Assessment based
on <0.2 up to >1
3
mg/m .

Questionnaires conducted to
include demographics.
MRI
conducted, neurobehavioural tests
conducted, blood manganese
measured. Pallidal index (PI)
calculated.

87

Correlation established
between PI and MnB
plus PI and airborne Mn.
Decreased
motor
function was seen at a
level of 107.1 above PI
and hence PI was
postulated as a predictor
of neurobehavioural
performance.

2;
No information
on historical
data.
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Abstract: Using previously obtained cross-sectional data from a nationwide survey on workers exposed to manganese (Mn), we assessed the relation of high
signal intensity with neurobehavioral effects, and revaluated the pre-existing cross-sectional data to get additional findings on the relation of high signals with
other Mn-exposure indices. SUBJECTS AND METHODS: Subjects were the same as those in the previous study. The exposure status was reassessed based
on similar exposure groups. The signal intensity of the globus pallidus (GP) relative to frontal white matter was subjectively evaluated as either with or without
increased signals, and the increased signals were further graded into three categories. For quantitative evaluation of signal intensities of the GP we also
calculated the pallidal index (PI). Neurobehavioral function was assessed using the World Health Organization Neurobehavioral Core Test Battery. In addition,
computerized finger tapping speed was included to assess motor speed. RESULTS: The mean blood Mn for those with grade III was significantly greater than
those without increased signals and those with grade I. Airborne Mn and PI also showed similar findings. PI paralleled subjective MRI gradings. The proportion
of workers with increased signals increased with all the Mn-exposure variables, airborne and blood Mn, the duration of work, and cumulative exposure. The PI
was significantly associated with a correct score of pursuit aiming II tests and finger tapping of the dominant hand after control of age and educational level
among neurobehavioral performances. DISCUSSION: The present findings showed that signal index on T1-weighted MRI showed a dose-response relationship
with all the Mn-exposure variables. The two neurobehavioral tests reflecting fine motor function were significantly decreased above 107.1 of PI, the cut-off point
between those with and without increased signals. Hence, signal intensity on MRI is an effective predictor of the neurobehavioral performance of Mn exposed
workers.
Smyth et al., 1973

Human
71 employees from
Ferro-Manganese
Alloy production
dust/fume exposure
plus
72
non
exposed group.

Airborne sampling to
determine levels in
excess of TLV (5
3
mg/m ) as previously
established.

MnB and MnU measured.
Neurological examination EDTA
treatment given.

Variable levels.
Mean 3.6 – 13.3
3
mg/m – dependent
upon occupation.

5
cases
of
CNS
impairment, all but 1 from
high exposure group for
manganese, none from
controls.
Symptoms
considered similar to
Parkinsonism.

2;
Exposure
history
reported.

EDTA treatment resulted
in a regain of normal arm
movement.

Significant number of
values exceeding
TLV.
Abstract: na
Sinczuk-Walczak et
al., 2001

75 human male
workers
from
welding/fitting
battery production
plus 62 controls
(age-matched)

Exposure 1 – 41
years.
Exposure
range
0.01
–
2.67 (mean 0.4)
3
mg/m for welding
and 0.086 – 1.164
3
mg/m for battery
production.

Neurological
and
neurophysiological evaluations.
Medical history assessed EEG
recordings.

88

Chronic
exposure
associated
with
emotional irritability,
dysmnesia, concentration
difficulties. EEG showed
general and paroxysm
malchanges
seen.
Visual evoked potential
examinations showed
abnormalities.

2;

not
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malchanges
seen.
Visual evoked potential
examinations showed
abnormalities.
Conclusion was that
subclinical effects seen in
the range 0.01 – 2.67
3
mg/m (arithmetic mean
0.4, geometric mean 0.15
3
mg/m .

CEI 0.008 – 35.52.

Abstract: The nervous system is the major target of the toxic effect of manganese (Mn) and its compounds. Nowadays, neurological diagnostics is directed
towards early detection of symptoms and abortive forms, and the cases of serious damage of the nervous system are no longer reported. The aim of the
present study was to assess the effects of manganese on the functions of the nervous system in workers exposed to this metal in the ship and electrical
industries. The study covered a selected group of 75 male workers (mean age 39.17 yr +/- 9.79; range 20-56 yr), including 62 welders and fitters, as well as 13
workers involved in the battery production. Their employment duration ranged between 1 and 41 yr (mean 17.5 yr +/- 10.81). During the welding process the air
3
3
Mn concentrations varied from 0.004 to 2.67 mg/m3 (arithmetic mean, 0.399 mg/m ; geometric mean, 0.154 mg/m ; standard deviation, 0.586). Of the 62
3
3
workers, 30 worked in the area with exceeding MAC value of 0.3 mg/m . At the battery production work posts, Mn concentrations fell within 0.086-1.164 mg/m
3
(arithmetic mean, 0.338 mg/m , geometric mean, 0.261 mg/m3; standard deviation, 0.292). The values of current Mn exposure in the study group fell within the
3
3
range below 0.01 and 2.67 mg/m (arithmetic mean, 0.4 mg/m; geometric mean, 0.15 mg/m ). Of the 13 subjects, 6 worked at the Mn air concentration
exceeding MAC values. In the exposed group, the values of cumulated exposure index ranged from 0.008 to 35.52 (arithmetic mean, 8.045; geometric mean,
4.615; standard deviation, 6.562). The control group consisted of 62 men non-occupationally exposed to Mn, matched by sex, age and work shift distribution.
Clinically, the increased emotional irritability, dysmnesia, concentration difficulties, sleepiness and limb paresthesia predominated among the disorders of the
nervous system functions in workers chronically exposed to manganese. Neither in the central nor in the peripheral nervous system, the objective examinations
revealed organic lesions that could provide grounds for diagnosing toxic encephalopathy or polyneuropathy. Generalized and paroxysmal changes were the
most common recordings in the abnormal electroencephalography. Visual evoked potentials examinations showed abnormalities in the response evoked, which
could be a signal of the optic neuron disorders and their significant relationship with cumulated exposure. The results of the study demonstrate that Mn
3
3
3
exposure within the range of <0.01-2.67 mg/m (arithmetic mean, 0.4 mg/m ; geometric mean, 0.15 mg/m ) induces subclinical effects on the nervous system.
Suzuki et al., 1973;
(Summary only)

160 workers in
ferromanganese
industry Exposed
workers
have
variety
of
occupations.

Range of exposure
4.8 to lower than 1-2
3
mg/m .

Clinical evaluation MnB and MnV.

89

Greater than 30% of
those examined showed
memory deficits, fatigue,
hyperidosis or impotency.
It was reported that the
incidence was higher in
specific occupations or
with prolonged length of
service. 24% had fine
finger tremor.

2;
No
obvious
control group.
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finger tremor.
Abstract: na
Tanaka et al., 1969

Survey
of
75
manufacturing
plants
in
Pennsylvania
including melting
and pouring of steel
alloys, welding nonferrous smelting and
crushing/pulverising
of ores.

From Air Sampling:
Three categories
3
ND – 0.99 mg/m
1.0 – 4.99 and over
3
5.0 mg/m
155 out of 192
workers examined
from exposed groups.

Neurological Screening MnU

7 cases of “Manganism”
reported from those 117
workers with excessive
exposure.
27 cases
showed MnU above the
cited norm of 1 – 8
_g/litre, 133 workers
showed negative results
from
neurological
screening

2;
No comparison
with
control
group.

Case Study

12 years of exposure.
No
atmospheric
exposed
concentrations.

MnU, MnB.

MnU 10.4 _g/100 ml and
MnB 3.4 _g/100 ml
(considered higher than
normal) showed post
exposure behavioural
and gait problems plus
impotence
during
exposure. Degeneration
of
basal
ganglia
particularly
in
the
palliclum. No difference
in
Mn
distribution
compared with controls
considered
to
be
differences in chronic
manganese poisoning
and
PD
when
considering
neuropathology.

2;

Abstract: na
Yamada et al., 1986

Autopsy Report
52 year old male
from ore crushing
plant (died from
gastric cancer)

Histopathology case history.
Control tissues from 4 cases plus
one with Parkinson Disease (PD).
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Abstract: An autopsy case of a 52-year-old man suffering from chronic manganese poisoning (CMP) is reported with determination of the manganese
distribution in the brain. The patient had been working in a manganese ore crushing plant since 1965. In 1967 he began to complain of difficulties in walking and
diminished libido. Later, he developed various neuropsychiatric symptoms including euphoria, emotional incontinence, masked face, monotonous speech,
"cock-walk", increased muscle tone, weakness of upper and lower extremities, tremor of the eye lids, and exaggeration of knee jerks. The major
neuropathological change was degeneration of the basal ganglia, in which the pallidum was severely affected. The pallidum disclosed a loss and degeneration
of nerve cells, which was especially marked in the medial segment, a prominent decrease of myelinated fibres, and moderate astrocytic proliferation. The
substantia nigra was intact. Distribution of manganese in the brain of the present case of CMP was determined using flameless atomic absorption spectrometry
and compared with control cases and also a case of Parkinson's disease (PD). There was no significant difference between the control cases and the case of
PD in average concentration of manganese and its distribution in the brain. The present case of CMP showed no elevation in average concentration of
manganese in the brain. However, there were some changes in its distribution. Thus, the continuance of neurological disorders in CMP is not linked to an
elevated manganese concentration itself in the brain. CMP appears to be different from PD in neuropathology and manganese behaviour in brain.
Canavan
1934

et

al.,

Case Report.
Male – 4 years
working in mill, died
of
cardiorenal
disease age 69.

4 years of exposure
to dust in mill as
cleaner/machine
tender – no air
sampling.

Clinical history during exposure,
post mortem histopathology

History of neuromuscular
disorder during exposure
period. No improvement
post exposure.
Post
mortem findings included
degeneration of cells in
basal ganglia and gliosis.

2;

Range of exposure

MANS

2

(run 0 – 32 years)

Computerised evaluation.

Higher
scores
for
specifically for Anger and
Sociability scores.

No air sampling
or identification
of exposure.

Abstract: na
Camerino
1993

et al.,

150 workers from
ferromanganese
production industry
(part of a screen for
a
number
of
industrial
chemicals).

Environmental
monitoring gave Mn
values
3
6 – 1628 _g/m

91

Diff i c u l t
to
assess
contribution of
Mn
to
the
differences.
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Abstract: The aim of the study is to establish the prevalence of neurobehavioral scores of occupationally exposed subjects below the 10th percentile rank of
normalized curves obtained on a referent population. The Milan Automated Neurobehavioral System (MANS) was administered to 400 drivers from public and
private firms; their data were distributed on the basis of age and years of school attendance and were normalized by determining percentile rank equivalence.
The exposed population is made up of 20 lead- and zinc-exposed subjects, 18 welders exposed to aluminium for less than 1 year, 150 exposed to different
metals in the ferromanganese production, 73 lithographic operators exposed to gasoline and petroleum, 197 exposed to solvents mixtures in the paint
manufacture, and 23 dropouts of the same firm. The percentages of scores below 10th percentile rank were calculated in the different exposure groups and in
the different age-school attendance ranges. The prevalence of results below the 10th percentile rank was found to be related to the intensity of the exposures
and to the low levels of school attendance. In the 20-29 and the 30-39 age ranges, there was a prevalence of POMS scale scores below 10th percentile rank, in
the 50-59 age range, the percentages were high for the Digit Symbol, the mean value of Simple Reaction Time, Serial Digit Learning, and Benton Visual
Recognition.
Dietz et al., 2001

From a group of 90
workers
with
exposure to Mn (dry
cell battery factory)

Mean period of
exposure for 11 high
exposure individuals
was greater than 10
years (maximum 37
years). Average age
was 40 years. Air
manganese
measured.
Low
contamination below
3
1 _g/m .

MnB, MnU, MnH.
Neurophysiological examinations
calculation
of
PI
motor
performance tests.

MnB and MnH higher in
cases of high exposure.

2;

Increase in PI for high
exposure but no effects
seen
in
other
examinations
–
correlation between CEI
and increased PI.

High contamination
3
up to 800 _g/m
3
(mean 387 _g/m ).
Abstract: Within a cross-sectional study, the neurotoxic effects of occupational exposure to manganese were examined. From a group of 90 (58 male and 32
female) workers, 11 men with long-term and high exposure to manganese dioxide (MnO2) dust were defined as exposed workers. Eleven age-matched workers
of similar socioeconomic status were used as a reference group. Ambient air and biological monitoring (blood, urine, hair), clinical (Webster Rating Scale,
WRS), neurophysiological (visual evoked potentials (VEP), nerve conduction velocity (NCV), electroencephalography (EEG)), and motor performance (Wiener
Test system) examinations were performed. The pallidal index (PI), the ratio of globus pallidus to subcortical frontal white-matter signal intensity in T1-weighted
magnetic resonance imaging (MRI) planes multiplied by 100, was used. For the individual body burden, manganese in blood was the most reliable biomarker. A
"job-exposure matrix" for the cumulative Mn-exposure index (CEI) was calculated for each worker. The results of WRS, VEP, NCV, EEG, and motor
performance tests showed no significant group differences. However, the pallidal index was increased in Mn-exposed persons. Furthermore, a statistically
significant positive correlation was found between CEI and pallidal index. The results of other studies are discussed. The meaning of MRI findings for health
status as well as gender-specific differences should be examined in further follow-up studies.
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Human occupational exposure studies
REFERENCE

TEST SUBJECT

Hua et al., 1991

Total 48 male adults
in 4 groups.
Mn
exposed
workers
from
ferromanganese
alloy factory in
Taiwan.

EXPOSURE/DOSE
AND TIME PERIOD

OBSERVATIONS/
EVALUATIONS

Group 1 – 17 workers
exposed to Mn for a
mean of 11.88 years
SD 5.36. Range 3 –
21
years,
no
Parkinsonism.
Group
2
–
4
Parkinsonism patients
due
to
chronic
manganese exposure
(9 years SD 3.67).
Group 3 – 8 patients
with Parkinsonism,
2.54 years.
Gp 4 – 19 age
matched controls.
Airborne sampling.
Group 1 = over 2
3
mg/m .
Group 2 = over 28
3
mg/m .

Neuropsychological test battery.
MnH and MnB.

STUDY FINDINGS

RELIABILITY

Chronic exposure did not
significantly
a ffect
workers
without
Parkinsonism condition
but some differences
seen in certain tests.
Some
comparability
between 2 sets of
Parkinsonism affected
individuals who were
significantly different from
controls.

2;

MnH and MnB for
Groups 1 and 2 much
higher for individuals
than reported normal
values.

Abstract: Comprehensive examinations of neurobehavioral function were performed in two groups of workers with chronic exposure to industrial manganese,
and two control groups. Group 1 included 17 exposed workers without Parkinsonism while Group 2 consisted of four exposed workers with Parkinsonism
syndrome resulting from chronic manganese poisoning. Group 3 was composed of eight idiopathic Parkinsonism patients while Group 4 included 19 control
subjects. Age, sex, and educational level of these four groups were matched. The neuropsychological battery consisted of tests of orientation, intelligence,
learning and memory, language and communication, visuospatial and visual perception, visual attention, manual dexterity, and information processing speed.
There was no evidence of neurobehavioral impairment in the non- Parkinsonism workers whereas impaired general intelligence, visuoperceptive impairment
and defective manual dexterity, as well as slowdown in response speed were manifested in the Parkinsonism workers.
Huang et.al., 1998

Case Study.
Long term clinical
course of 5 patients
with Mn intoxication
from
ferromanganese
alloy plant.

Case was related to 5
patients up to 10
years after cessation
of exposure.

MnU, MnB, MnH.
MRI Scan.
Clinical examinations.
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Tissue Mn samples
returned to normal levels
at 10 years.
MRI scan did not show
paramagnetic high signal
intensity on T1 weighed
images.

2;

Human occupational exposure studies
REFERENCE

TEST SUBJECT

EXPOSURE/DOSE
AND TIME PERIOD

OBSERVATIONS/
EVALUATIONS

STUDY FINDINGS

RELIABILITY

Clinical findings on
Parkinson’s rating scale
had
deteriorated
including gait, rigidity,
speed of foot tapping and
writing.
Abstract: We studied the long-term clinical course of five patients with chronic manganese intoxication. The mean scores of the King's College Hospital Rating
Scale for Parkinson's disease increased from 15.0 +/- 4.2 in 1987 to 28.3 +/- 6.70 in 1991 and then to 38.1 +/- 12.9 in 1995. The deterioration was most
prominent in gait, rigidity, speed of foot tapping, and writing. Tissue concentrations of manganese in blood, urine, scalp hair, and pubic hair returned to normal.
Follow-up MRIs did not show paramagnetic high-signal intensity on T1-weighted images. The data indicate that clinical progression in patients with manganese
Parkinsonism continues even 10 years after cessation of exposure.
Josephs et al., 2005

Case Study.
8 welders referred
to Mayo Clinical
Neurology
Department.

All patients were
career welders with 1
– 25 years of
experience. 21 – 62
years of age at onset
in condition.

MnB, MnU.
MRI Scan.
Clinical examinations.
Neuropsychometric testing.

All
had
clinical
symptoms
of
neurological
disturbance.
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All but one patient had a
reported elevated MnB.
Only one had elevated
MnU. Several different
clinical conditions were
reported.
Neuropsychometric
testing
suggested
subcortical or frontal
involvement.
MRI T1
hyperintensity observed
– authors suggested this
to be a biomarker for
manganese neurotoxicity.

2
No data for
exposure
concentrations.

Human occupational exposure studies
REFERENCE

TEST SUBJECT

EXPOSURE/DOSE
AND TIME PERIOD

OBSERVATIONS/
EVALUATIONS

STUDY FINDINGS

RELIABILITY

Abstract: BACKGROUND: Neurologic symptoms have been attributed to manganese fumes generated during welding. Increased T1 MRI signal in the basal
ganglia is a biologic marker of manganese accumulation. Recent studies have associated welding and Parkinsonism, but generally without MRI corroboration.
OBJECTIVE: To characterize the clinical and neuropsychological features of patients with MRI basal ganglia T1 hyperintensity, who were ultimately diagnosed
with neurotoxicity from welding fumes. METHODS: The medical records of welders referred to the Department of Neurology with neurologic problems and basal
ganglia T1 hyperintensity were reviewed. RESULTS: All eight patients were male career welders with increased T1 basal ganglia signal on MRI of the brain.
Several different clinical syndromes were recognized: a Parkinsonism syndrome (three patients), a syndrome of multifocal myoclonus and limited cognitive
impairment (two patients), a mixed syndrome with vestibular-auditory dysfunction (two patients), and minor subjective cognitive impairment, anxiety, and sleep
apnea (one patient). Neuropsychometric testing suggested subcortical or frontal involvement. Inadequate ventilation or lack of personal respiratory protection
during welding was a common theme. CONCLUSIONS: Welding without proper protection was associated with syndromes of Parkinsonism, multifocal
myoclonus, mild cognitive impairment, and vestibular-auditory dysfunction. The MRI T1 hyperintensity in the basal ganglia suggests that these may have been
caused by manganese neurotoxicity.
Young et al., 2005

509
exposed
workers
from
Manganese Smelter
plus 67 unexposed
referents.

Via >400 air sample
measurements.
Exposure categorised
unexposed referents
3
(0 mg/m ).
Category:
1.
0 - <0.01
3
mg/m
2.
0.01 - <0.05
3
mg/m
3.
0.04 - <0.1
3
mg/m
4.
0.1 - <0.2
3
mg/m
5. 0.2

Neurobehavioural questionnaire.
Neurobehavioural test battery.
Performance evaluation.

The study showed a
median
respirable
exposure
of
3
0.058 mg/m .
Few effects to show a
continuity of response to
increasing exposure.
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Human occupational exposure studies
REFERENCE

TEST SUBJECT

EXPOSURE/DOSE
AND TIME PERIOD

OBSERVATIONS/
EVALUATIONS

STUDY FINDINGS

RELIABILITY
3

Abstract: A major recent review of occupational exposure limits for manganese (Mn) has proposed a respirable dust level of 0.1 mg/m . There is, however, no
theoretical basis for using this exposure metric to estimate the systemic effects of Mn, and little in the way of empirical data relating respirable Mn to
neurobehavioural and other non-pulmonary effects. Cross-sectional data from a study showing few and unconvincing neurobehavioural effects of inhalable dust
in Mn smelter workers published just prior to this review were reanalyzed here using respirable Mn. The hypotheses tested were that respirable Mn exposure is
a more appropriate predictor of neurobehavioural effects than inhalable Mn where such effects exist, and that there should be no observed effects at respirable
dust levels below 0.1 mg/m3. METHODS: Five hundred and nine production workers and 67 external referents were studied. Exposure measures from personal
sampling included the Mn content of respirable dust as a concentration-time integrated cumulative exposure index (CEI) and as average intensity (INT) over a
working lifetime. Neurobehavioural endpoints included items from the Swedish nervous system questionnaire (Q16), World Health Organisation
neurobehavioural core test battery (WHO NCTB), Swedish performance evaluation system (SPES), Luria-Nebraska (LN), and Danish Product Development
(DPD) test batteries, and a brief clinical examination. RESULTS: The median respirable Mn exposure was 0.058 mg/m3 (range=0-0.51; IQR=0.02-0.16)
amongst the exposed, with 30% having average intensities above the proposed 0.1 mg/m3 and 44% above the proposed supplemental limit of 0.5 mg/m3
inhalable dust. As in the study of inhalable Mn effects, there were few respirable Mn effects showing clear continuity of response with increasing exposure.
CONCLUSION: These data did not provide empirical support for a respirable, as opposed to an inhalable, dust metric being more sensitive in the identification
of Mn effects. Neither metric showed convincing effects within the exposure range studied. Further study is needed to determine a threshold for respirable Mn
effects, if such exist, and to verify our findings..
Srivastava et al.,
2002

Human 94 workers
with 64 matched
controls. Dry cell
battery factory in
Mumbai.

No
exposure
measures.
Employment ranged
from less than 1 year
to 26-29 years.
Majority of workers
45-60 years.

Clinical examination.
Hand steadiness, respiratory
function/ haematology

MnO2 dust.
Abstract: na
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Association between
manganese exposure
and certain clinical
symptoms (lumbago,
asthenia),
tongue
tremors and hand.
Higher systolic pressure.

2;
No exposure
assessment.
No blood/urine
or hair Mn
values.

Human occupational exposure studies
EXPOSURE/DOSE
AND TIME PERIOD

OBSERVATIONS/
EVALUATIONS

Study
of
50
workers, 11 with
chronic manganese
poisoning,
23
without evidence of
poisoning. 16 non
exposed mean. All
from manganese
plant
in
Pennsylvania.

Of the 11 the average
exposure period was
5.26 years. For the
23 average as 2.37
years.
Limited
exposure assessment
data gave values of
3
under 30 mg/m up to
values
over
90
3
mg/m .
(Highest
3
average 173 mg/m ).

Medical questionnaire
occupational history.

8 workers (1 with
manganese
dementia) plus 4 coworkers, plus 3 with
less Mn exposure
from “frog shop” for
repair of Mn rail
track.

Small number of air
measurements.
Values indicate 3 –
3
4.6 mg/m .

Clinical examination.

MnB 1.2 + 0.5 ng/ml.

MnB, MnU.

MnU 29 + 7.1 _g/24 hour.

Neuropsychological examination.

(No air samples from
lower
exposure
group).

ECG (24 hour).

Autonomic
changes
including dizziness and
impotence reported.
Short term memory and
attention
deficits.
Abnormal sympathovagal
response
for
high
exposure
workers.
Decrease
in
parasympathetic high
frequency activation of
heart rate.

REFERENCE

TEST SUBJECT

Flinn at al., 1940

and

Physical examination.
Neurological examination.
MnU, MnB.

STUDY FINDINGS

RELIABILITY

For those with chronic
poisoning gait and
speech disturbances.
Tremor of hands and
arms, poor performance,
heel to knee and finger to
nose test.

2;

MnB test proved to be of
no value whilst MnU
confirmed
worker
exposure to Mn.

Lack
of
personal
monitoring of
exposure does
not give an
accurate
assessment of
intake.

Abstract: na
Barrington et al.,
1998
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REFERENCE

TEST SUBJECT

EXPOSURE/DOSE
AND TIME PERIOD

OBSERVATIONS/
EVALUATIONS

STUDY FINDINGS

RELIABILITY

The observation of orthostatic hypotension in an index case of manganese toxicity lead to this prospective attempt to evaluate cardiovascular autonomic
function and cognitive and emotional neurotoxicity in eight manganese alloy welders and machinists. The subjects consisted of a convenience sample
consisting of an index case of manganese dementia, his four co-workers in a "frog shop" for gouging, welding, and grinding repair of high manganese railway
track and a convenience sample of three mild steel welders with lesser manganese exposure also referred because of cognitive or autonomic symptoms. Frog
shop air manganese samples 9.6-10 years before and 1.2-3.4 years after the diagnosis of the index case exceeded 1.0 mg/m3 in 29% and 0.2 mg/m3 in 62%.
Twenty-four-hour electrocardiographic (Holter) monitoring was used to determine the temporal variability of the heart rate (RR' interval) and the rates of change
at low frequency (0.04-0.15 Hz) and high frequency (0.15-0.40 Hz). MMPI and MCMI personality assessment and short-term memory, figure copy, controlled
oral word association, and symbol digit tests were used. The five frog shop workers had abnormal sympathovagal balance with decreased high frequency
variability (increased ln LF/ln HF). Seven of the eight workers had symptoms of autonomic dysfunction and significantly decreased heart rate variability (rMSSD)
but these did not distinguish the relative exposure. Mood or affect was disturbed in all with associated changes in short-term memory and attention in four of the
subjects. There were no significant correlations with serum or urine manganese. Power spectrum analysis of 24-h ambulatory ECG indicating a decrease in
parasympathetic high frequency activation of heart rate variability may provide a sensitive index of central autonomic dysfunction reflecting increased exposure
to manganese, although the contribution of exposures to solvents and other metals cannot be excluded. Neurotoxicity due to the gouging, welding, and grinding
of mild steel and high manganese alloys (11-25%) merits air manganese and neuropsychologic surveillance including autonomic function by Holter monitoring
of cardiovagal activation.
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Studies in laboratory animals
Table 4:

Studies in laboratory animals

REFERENCE

TEST SUBJECT

Bonilla et al., 1984

Sprague-Dawley rat –
male young adult

EXPOSURE/DOSE AND
TIME PERIOD
2+

0.1 and 5.0 mg Mn /ml
in drinking water for 8
months (manganese
chloride) + controls.

OBSERVATIONS/
EVALUATIONS
Spontaneous
activity.

motor

STUDY FINDINGS

RELIABILITY

Month 1 – increased motor
activity.

2;

Months 2 to 6 – no effects.
Months 7 to 8 – reduced
motor activity compare to
controls.
Non
dose
dependent effect on hyper
and hypoactivity.

Abstract: Two groups of adult male Sprague-Dawley rats were treated with manganese added to the drinking water in concentrations of 0.1 and 5.0 mg Mn2+/ml. Agematched controls received distilled demineralised water. Spontaneous motor activity, measured in 60-min weekly sessions during 8 months, showed a significant increase
during the 1st month. Further exposure did not affect the motor activity to 6 months. But, on months 7 and 8 a significant reduction was observed compared with controls.
Both hyper- and hypoactivity were not dose-dependent as the results obtained in both groups of manganese-exposed rats were similar. These findings should make
health authorities aware of the potential involvement of low doses of manganese in the development of early behavioural problems long before the irreversible neurologic
damage is established.
Chadra et al., 1983

ITRC-albino rat – male
young adult

Manganese chloride
1 mg/ml in drinking
water plus controls.

Activity at 14 and 30
days, learning ability,
aggression.
DA, NE and
measurements.

S-HT

Hyperactivity, reduced in
conditional
avoidance,
increased
aggression.
Elevated DA and NE.

2;

Abstract: Rats were exposed to manganese (1 mg/ml through drinking water) daily to study behavioural and neurochemical changes 14 and 30 days after the treatment.
Manganese produced hyperactivation after 14 and 30 days with greater magnitude of alteration at the latter period. Reduction in the percentage of conditional avoidance
response and increase in fighting score were also observed after 30 days. These behavioural changes were associated with increased levels of striatal dopamine and
norepinephrine in rats exposed to manganese. Thus, it was indicated that increased turnover of striatal catecholamines was responsible for producing behavioural
changes in early manganese intoxication.
Chandra et al., 1978

ITRC – albino rat – male
21 days old

Oral by cannula 50
_g/rat
manganese
chloride/day for 60 days.
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Brain histopathology and
enzyme assays at 15
day intervals.

Elevated monoamine oxidase
at 15 and 30 days which
stayed at this level for the
remainder of the test.
Neuronal degeneration at
30 days which became
progressively worse at
60 days.

2.
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REFERENCE

TEST SUBJECT

EXPOSURE/DOSE AND
TIME PERIOD

OBSERVATIONS/
EVALUATIONS

STUDY FINDINGS

RELIABILITY

Neuronal degeneration at
30 days which became
progressively worse at
60 days.
Abstract: na
Chandra et al., 1979

Suckling mice maintained
through weaning and up
to 180 days

Nursing mothers.

Male albino ITEC rat

MnCl2 at 1 mg/ml of
drinking water for up to
360 days.

5 mg/ml MnCl2 at Day 2
after birth of offspring.
Selected
o ffspring
2+
3 _g/ml Mn in drinking
water.

Spontaneous locomotor
activity.
Brain
biochemical assays
every 30 days.

Significant increases in motor
activity at 30 and 60 days of
age
with
associated
increased NE and DA in the
corpus striatum.

2;

Blood
and
brain
biochemical assays at
15, 30, 60, 120, 180,
240, 300 and 360 days.

Initial increase in DA, NE and
HVA followed by return to
normal but in the latter stages
a reduction in striatal
catecholamine content.

2;

Abstract: na
Chandra et al., 1981

Abstract: Male albino rats were exposed to manganese through drinking solution containing MnCl2 . 4H2O (1 mg/ml) in water. The contents of catecholamines,
homovanillic acid, manganese and the activity of monoamine oxidase (MAO) were measured in the corpus striatum at different time intervals up to a period of 360 days.
The contents of tyrosine in the corpus striatum and serum were also estimated. Manganese treatment produced an initial increase in the contents of dopamine (DA),
norepinephrine (NE), homovanillic acid (HVA) and tyrosine in the corpus striatum. This was followed by a period when concentrations were almost normal (dopamine
from 120 to 240 days, norepinephrine at 180 and 240 days and homovanillic acid at 240 days after manganese administration). Thereafter the contents of these
substrates declined significantly at 300 and 360 days of treatment. However, these alterations were not correlated with the concentrations of manganese in this region,
which gradually increased up to 240 days, and thereafter remained constant until the termination of the experiment. The underlying biochemical mechanisms of
manganese-induced sequential changes in the striatal contents of catecholamines have been discussed in relation to the development of psychiatric and neurological
phases of manganese poisoning.
Tapin et al., 2006

Sprague-Dawley rat –
adults

MnSo4 6 hours/day by
inhalation at 30, 300 or
3
3000 _g/m
for
13
consecutive weeks.

100

Locomotor
activity
neuronal cell count.
Various brain region and
other tissue Mn content,
bodyweight/food
consumption.

Neuronal cell count lower
than controls at 300 and
3
3000 _g/m .
Locomotor
activity increased for all dose
levels plus resting time
increased for two highest
levels.
Ambulatory count
reduced at all levels. No
effects on bodyweight and

2;
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REFERENCE

TEST SUBJECT

EXPOSURE/DOSE AND
TIME PERIOD

OBSERVATIONS/
EVALUATIONS
bodyweight/food
consumption.

STUDY FINDINGS

RELIABILITY

levels plus resting time
increased for two highest
levels.
Ambulatory count
reduced at all levels. No
effects on bodyweight and
food consumption at any
level. Manganese content
increased in a number of
3
tissues at 3000 _g/m .

Abstract: Methylcyclopentadienyl manganese tricarbonyl (MMT) is an organic compound that was introduced as an anti-knock additive to replace lead in unleaded fuel.
The combustion of MMT results in the emission of fine Mn particulates mainly in the form of manganese sulfate and manganese phosphate. The objective of this study is
to determine the effects of subchronic exposure to Mn sulfate in different tissues, on locomotor activity, on neuropathology, and on blood serum biochemical parameters.
A control group and three groups of 30 male Sprague-Dawley rats were exposed 6-h/day, 5 days/week for 13 consecutive weeks at 30, 300, or 3,000 microg/m(3) Mn
sulfate. Locomotor activity was measured during 36 h using an Auto-Track System. Blood and the following tissues were collected and analyzed for manganese content
by neutron activation analysis: olfactory bulb, globus pallidus, caudate/putamen, cerebellum, frontal cortex, liver, lung, testis, and kidney. Neuronal cell counts were
obtained for the caudate/putamen and the globus pallidus and clinical biochemistry was assessed. Manganese concentrations were increased in blood, kidney, lung, and
testis and in all brain regions in the 3,000 microg/m(3) exposure group. Significant differences were also noted in the 300 microg/m(3) exposure group. Neuronal cell
counts for the globus pallidus were significantly different between the two highest exposed groups and the controls. Locomotor activity for all exposure concentrations and
resting time for the middle and highest concentrations for the two night resting periods were significantly increased. Total ambulatory count was decreased significantly for
all exposure concentrations. Biochemical profiles also presented significant differences. No body weight loss was observed between all groups. These results suggest
that neurotoxicity could occur at low exposure levels of Mn sulfate, one of the main combustion products of MMT.
Vezer et. al., 2005

Wistar rat – adult male

Manganese chloride oral
gavage. 0, 14.84 or
59.36 mg/kg/day.
5 day/week, 10 weeks,
12
weeks
post
treatment.
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Short term spatial/long
term working memory.
Locomotor
a c t i v i t y,
startle
test,
immunohisto-chemistry,
electrophysiology, tissue
manganese.

Dose and time dependent
increase in tissue Mn.
Decrease spatial maze
learning
and
memory
performance for both dose
levels.
Decreased
spontaneous
a c t i v i t y.
Increase GFAP-IR density in
the dentate gyrus.

2;
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REFERENCE

TEST SUBJECT

EXPOSURE/DOSE AND
TIME PERIOD

OBSERVATIONS/
EVALUATIONS

STUDY FINDINGS

RELIABILITY

Abstract: In male Wistar rats, behavioural and electrophysiological investigations, and blood and brain manganese level determinations, were performed; during 10
weeks treatment with low-dose manganese chloride and a 12 weeks post-treatment period. Three groups of 16 animals each received daily doses of 14.84 and 59.36
mg/kg b.w. MnCl2 (control: distilled water) via gavage. During treatment period, Mn accumulation was seen first in the blood, then in the brain samples of the high-dose
animals. Short- and long-term spatial memory performance of the treated animals decreased, spontaneous open field activity (OF) was reduced. The number of acoustic
startle responses (ASR), and the pre-pulse inhibition (PPI) of these, diminished. In the cortical and hippocampal spontaneous activity, power spectrum was shifted to
higher frequencies. The latency of the sensory evoked potentials increased, and their duration, decreased. By the end of the post-treatment period, Mn levels returned to
the control in all samples. The impairment of long-term spatial memory remained, as did the number of acoustic startle responses. Pre-pulse inhibition, however, returned
to the pre-treatment levels. The changes of the open field activity disappeared but a residual effect could be revealed by administration of d-amphetamine. The
electrophysiological effects were partially reversed. By applying a complex set of methods, it was possible to obtain new data for a better-based relationship between the
known effects of Mn at neuronal level and the behavioural and electrophysiological outcomes of Mn exposure.
Autissier et.al., 1982

Wistar rat – male

Intraperitoneal MnCl2
10 mg/kg/bodyweight
daily for 4 months.

DA and NE levels in
various brain regions.
Estimation of MAO
activity and Mn levels.

Treatment caused decreased
DA level and turnover in
corpus
striatum
o n l y.
Increased NE and brain stem
and hypothalamus.
MAO
activity not altered.

2,

Abstract: Rats were treated with MnCl2 X 4H2O (1 mg/100 g/day, i.p.) for a period of 4 months. The turnover of dopamine (DA) and norepinephrine (NE) was measured
in several brain regions (brain stem, hypothalamus, corpus striatum and "rest of the brain") by the decay in endogenous DA and NE after inhibition of tyrosine
hydroxylase by alpha-methylparatyrosine. Monoamine oxidase (MAO) activity and manganese levels were also estimated. Manganese treatment produced a decrease in
DA level and turnover in the corpus striatum but not in the rest of the brain. An increase in contents of NE was observed both in the brain stem and hypothalamus. NE
turnover was found to be increased in the brain stem, decreased in the hypothalamus and unaltered in the rest of the brain. MAO activity was not significantly altered in
all the brain regions studied. These results which show that chronic administration of manganese may cause regionally different changes in catecholamine turnover were
discussed in relation to the accumulation of manganese in the brain regions and to other metabolic changes associated with manganese toxicity.
Bonilla et al., 1984

Sprague-Dawley rat –
male

Dosed with MnCl2 for 8
months with 0.1 or
1.0 mg/ml of drinking
water plus controls.
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A s s a y
o f
neurochemicals in brain.

Decreased NA in striatum and
ponds at 0.1 mg/ml.
Decreased DOPA C
in
striatum and hypothalamus at
both levels. HVA decreased
in striatum at 0.1 mg/ml.
Serotogenic neurons appear
less sensitive to Mn than
catecholaminergic.

2.
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REFERENCE

TEST SUBJECT

EXPOSURE/DOSE AND
TIME PERIOD

OBSERVATIONS/
EVALUATIONS

STUDY FINDINGS

RELIABILITY

Abstract: After eight months of chronic manganese intake a significant decrease in the concentration of NA in striatum and pons of rats treated with 0.1 mg Mn/ml water
was produced. A highly significant decrease in the levels of DOPAC was found in striatum and hypothalamus of rats receiving 0.1 and 1.0 mg Mn/ml water. HVA content
diminished in the striatum of the 0.1 mg Mn/ml group. The concentration of 5-HT was reduced in midbrain of rats ingesting 1.0 mg Mn/ml water. 5-HIAA was found to be
diminished in hippocampus and pons of the same group of animals and in the hippocampus of the 0.1 mg Mn/ml group. According to our findings serotonergic neurons
seem to be less sensitive to manganese poisoning than catecholaminergic neurons.
Teramoto et al., 1993

Jcl Wistar rat

Intraperitoneal
administration of 0, 0.5,
2 or 8 mg/kg of MnCl2
twice weekly for 24
weeks.

Nerve
conduction
velocity measured every
8 weeks. Bodyweight
measured.

Bodyweights were reduced
throughout.

Manganese chloride at
1 mg/Mn/ml daily for
30 days in drinking water
plus controls.

Mn levels in various
brain regions.

Elevated MAO activity in
striatum,
mid
brain
hypothalamus, hippocampus
and medulla.
Decreased
DBH in hypothalamus
striatum,
midbrain,
cerebellum and cortex.

2;

At 2 and 8 mg/kg there were
slight reductions in sensory
nerve conduction velocity
only at middle and end of
administration
period
returning to normal at
cessation of treatment.

Abstract: na
SubHash et al., 1990

Wistar rat – adult male

DBH
and
measurement.

MAO

2;

Mn accumulation in all
regions except hippocampus.
Abstract: The regional distribution of dopamine beta-hydroxylase (DBH) and monoamine oxidase (MAO) in rat brain was compared in control rats and rats given
manganese in drinking-water (1 mg Mn/ml) for 30 days. In treated rats there was a significant accumulation of Mn in almost all regions of the brain except the
hippocampus. Accumulation was highest in the hypothalamus, cortex and striatum. After Mn exposure, DBH activity was significantly decreased (in comparison with the
controls) in the hypothalamus, striatum, mid-brain, cerebellum and cortex. A significant increase in MAO activity was found in the striatum, hypothalamus, mid-brain,
hippocampus and medulla. The effects of Mn on these enzymes suggests the involvement of biogenic amines like dopamine, norepinephrine and serotonin during Mn
toxicity. The effect of Mn is region specific and in certain regions the action of Mn on DBH differs from that on MAO. These different effects of Mn on DBH and MAO in
different regions of the brain might explain the variable symptoms seen in Mn-induced neurotoxicity in humans.
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REFERENCE

TEST SUBJECT

Salehi et al., 2006

Sprague-Dawley rats –
male young adult

EXPOSURE/DOSE AND
TIME PERIOD

OBSERVATIONS/
EVALUATIONS

STUDY FINDINGS

RELIABILITY

Inhalation exposure to
50:50 mixture of Mn5PO4
and MnSo4. Exposure
for 6 hr/day, 5 day/week
for 13 weeks.
Dose
levels 0, 30, 300 and
3
3000 _g/m .

Brain Mn levels neuronal
cell
counts.
Gastrocnemus muscle
tremor.

No evidence of tremor.
Increased Mn concentrations
in all brain regions at highest
dose level.

2.

Significant neuronal cell loss
in globus pallidum and
caudate
putamen
at
3
3000 _g/m .

Abstract: In Canada, Methylcyclopentadienyl manganese tricarbonyl (MMT) replaced tetraethyl lead in gasoline as an antiknock agent from 1976 until 2003. The
combustion of MMT leads to increased manganese (Mn) concentrations in the atmosphere, and represents one of the main sources of human exposure to Mn. The
nervous system is the major target of the toxicity of Mn and Mn compounds. The purpose of this study was to investigate exposure-response relationships for
neuropathology and tremor, and the associated electromyogram (EMG), following subchronic inhalation exposure of rats to a mixture of Mn phosphate/sulfate particles.
Rats were exposed 6 h per day, 5 days per week for 13 consecutive weeks at 30, 300 or 3000 microg m(-3) Mn phosphate/sulfate mixture and compared with controls.
Half of the rats had EMG electrodes implanted in the gastrocnemius muscle of the hind limb to assess tremor at the end of Mn exposure. Two days after the end of Mn
exposure, rats were killed by exsanguination and Mn concentrations in the brain (caudate putamen, globus pallidus and frontal cortex) were determined by neutron
activation analysis while neuropathology was assessed by counting neuronal cells in 2.5 mm x 2.5 mm grid areas. Increased Mn concentrations were observed in all
brain sections at the highest level of exposure. The neuronal cell loss was significantly different in the globus pallidus and the caudate putamen at the highest level of
exposure (3000 microg m(-3)). No sign of tremor was observed among the rats. In conclusion, exposure to a high level of Mn phosphate/sulfate mixture brought on
neuropathological changes in a specific area of the brain; however, no sign of tremor was observed.
Sentürk et al., 1996

Female albino rats –
young adult

Two groups dosed at
357 and 714 _g/Mn/kg
as MnCl2. Two further
groups treated with
same dose levels but
with Mevinolin plus
negative control and
mevinolin control. Oral
administration for 30
days.

104

Learning and memory
test plus tissue.
Mn and cholesterol
levels assessed.

Learning was significantly
delayed but the delay was
corrected with the addition of
anticholesterol
drug
Mevinolin. Thought to be
correction of hippocampal
cholesterol. Brain Mn was
not influenced in the same
way.
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Abstract: Since the exact mechanism of manganese (Mn)-induced learning disability is not known, we investigated the role of elevated cholesterol in rats exposed daily
to 357 and 714 micrograms Mn/kg for 39 d. Significant Mn accumulation was accompanied by increased cholesterol content in the hippocampal region of Mn-treated rats.
The learning, which is based on the time needed to reach food placed at the exit of a T-maze after a 1-d training period, was significantly slower in exposed rats than in
unexposed rats. The rats receiving 357 and 714 micrograms Mn/kg reached the food in 104.5 +/- 13.8 and 113.3 +/- 25.7 s, respectively, on d 30, whereas their untreated
counterparts reached the food in 28.7 +/- 11.4 s. This delay was completely corrected to 29.3 +/- 7.8 and 30.7 +/- 6.0 s in rats with coadministration of an inhibitor of
cholesterol biosynthesis with 357 and 714 micrograms/kg of Mn. The correction of impaired learning was associated with the normalization of hippocampal cholesterol,
but the Mn level in this region of the brain was not influenced in rats treated with a drug that inhibits cholesterol biosynthesis. These results suggested that Mn-induced
hypercholesterolemia is involved in Mn-dependent learning disability.
Hietanen et al., 1981

Adult male Wistar rats

0.5% Mn as MnCl2 in
drinking water for up to
6 weeks.

Mn in intestinal tissue.
Nervous tissue enzyme
activity.

Initial increases in enzymes in
the liver after 1 week
(intestinal and renal activity
decreased) returning to
normal at 6 weeks. Brain
succinate dehydrogenase
activity decreased at 6
weeks.
Result suggests
changed in biotransformation
enzymes
precede
neurochemical changes.
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Abstract: Adult male rats were exposed to 0.5% manganese as MnCl2 in their drinking water for 1, 4, or 6 weeks. Manganese content was measured in brain, liver,
kidney, and intestine. Peak manganese concentrations were found in all tissues after one week exposure. Hepatic aryl hydrocarbon hydroxylase, ethoxycoumarin Odeethylase, and epoxide hydrase activities increased after one week manganese exposure, while intestinal and renal activities decreased. The activities returned nearly
to the control level at six weeks of exposure. The UDPglucuronosyltransferase activity increased in the liver, kidney, and intestinal mucosa after one week exposure,
decreasing thereafter nearly to the control level. In the brain, most significant changes were found after six weeks exposure when the succinate dehydrogenase activity
decreased. The results suggest an adaptation to manganese absorption during continuous exposure. The biotransformation enzymes respond first to manganese
exposure followed by neurochemical changes in the central nervous system.
Hong et al., 1984

Male F-344 rat

Intraperitoneal MnCl2
15 mg/kg bodyweight for
6 weeks. Negative and
saline controls.

105

Assay
for
neurotransmittors. Hormones
and neuropephides.

Increased hypothalamic
substance P and pituitary
neurotensin. Striatal DA and
5-HT
elevated
when
compared with negative but
not
saline
controls.
Considered stress effect upon
action of Mn.
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action of Mn.
Abstract: Six weeks of daily intraperitoneal injection with manganese chloride (15 mg/kg body wt) reduced the normal weight gain of male Fischer-344 rats. This
treatment depressed plasma testosterone and corticosterone levels, but prolactin levels were unaffected. The only significant changes in the levels of a variety of
neuropeptides assayed in several regions were increases in the levels of hypothalamic substance P and pituitary neurotensin. Striatal serotonin, dopamine, and their
metabolites were unchanged in manganese-exposed rats relative to saline-injected controls. However, the stress of injection combined with the effect of manganese
appeared to significantly increase concentrations of striatal monoamines relative to uninjected controls.
Kontur et al., 1988

Neonatals Long Evans rat

Oral intubation with 25
or 50 _g MnCLCl2 for 14
or 21 days.

Mn levels in brain and
liver. DA, NE and 5-HT
in
striatum
hypothalamus
and
nucleus accumbens.

Mn in brain increased at 14
and 21 days of exposure
(higher at Day 14). No effect
on steady-state levels of
monoamines
or
their
metabolites.

2;

Abstract: The brain distribution of manganese (Mn) and the regional steady state levels of monoamines and their metabolites in normal and Mn-treated neonatal rats
have been investigated. Neonatal rats were intubated daily with distilled water, 25 or 50 micrograms manganous chloride/g/day for 14 or 21 days. Manganese levels in
brain regions and liver were analyzed by flameless atomic absorption spectroscopy. Norepinephrine, dopamine, serotonin and their metabolites in the striatum,
hypothalamus, and nucleus accumbens were analyzed by HPLC. The levels of Mn in Mn-treated animals were increased at 14 and 21 days of age although brain levels
at 21 days were lower than those at 14 days. Monoamine and metabolite levels were not altered by Mn treatment in any region at either age. Thus, increases in brain Mn
levels do not necessarily result in alterations in steady state neurotransmitter and metabolite levels. These results suggest that the neurotoxic effects of these doses of
Mn administered to neonatal animals are not expressed as alterations in steady state levels of monoamines and metabolites. The developing nervous system may be
able to compensate for neurochemical changes caused by Mn exposure.
Kristensson et. al, 1986

3 day old
Dawley rats

Sprague-

Rats exposed up to Day
44 after birth (some
exposed up to Day 15
and retained until Day
60).
150 mg/Mn/kg
bodyweight (MnCl2)
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Blood
and
brain
manganese
a s s a y.
Clinical assessment.
Neurochemical assay.

Rats showed transient clinical
effects (gait effects) and
increased HVA in striatum
and hypothalamus between
Days 15-22. At same point
brain Mn was increased 2040 times.
HVA effects
reversed with cessation of
treatment.
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Abstract: Sprague-Dawley rats were exposed to sublethal doses of manganese chloride during their postnatal development period up to 44 days of age. They showed
transient clinical signs of disease and a decreased homovanillic acid (HVA) content in the striatum and hypothalamus between 15 and 22 days of age. The manganese
content in the brain was increased 20-40 times during this period as determined with neutron activation analyses. In spite of this no structural damage or signs of
maturation disturbances in the nervous system were found. Interruption of manganese exposure reversed the changes in HVA content.
Deskin et al., 1980

Male neonatal CD Strain
rats

Dose orally from Day 1
after birth to Day 24 at 1,
10
or
20
_g/g
bodyweight as MnCl2
with controls.

Hypothalamus corpus
striatum removed and
neurochemical
evaluation performed.

A significant reduction in DA
in hypothalamus with reduced
DA turnover at 10 and
20 _g/g. Mn concentration
increased in corpus striatum
at 10 and 20 _g/g.
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Male neonatal CD strain
rat

Dosed orally from Day 1
after birth to Day 24 at
10, 15 and 20 _g/g as
MnCl2 with controls.

Corpus striatum and
hypothalamus removed
on
Day
25.
Neurochemical
evaluation.

At 20 _g/g there was a
significant increase in 5-HT in
hypothalamus
and
a
reduction
in
striatal
acetylcholinesterase activity.

2,

Abstract: na
Deskin et al., 1981

Abstract: Male rats were exposed to manganese at doses of 1, 10, and 20 microg/g body weight/day from birth to day 24 post-partum. Animals were weighed and
examined daily. The animals showed no visible signs of toxicity and exhibited normal weight gain. On day 25 the animals were killed by decapitation and the
hypothalamic area and corpus striatum were removed and analyzed for several neurochemical components. Chronic manganese administration (10 and 20 microg/g)
caused a significant reduction in the concentration of endogenous dopamine in the hypothalamic area. The concentration of endogenous norepinephrine in the
hypothalamic area was unaffected at all levels of manganese administration. The depletion of dopamine induced by alpha-methyl-p-tyrosine was less in the hypothalamic
area of chronic manganese-treated rats suggesting that dopamine turnover was reduced. No significant changes in neurochemical components occurred in the corpus
striatum. Manganese at a dose of 20 microg/g caused a significant decrease in hypothalamic tyrosine hydroxylase activity and a significant increase in hypothalamic
monoamine oxidase activity. The dosing regimen of 10 and 20 microg/g caused a significant elevation in tissue levels of manganese in both the hypothalamic area and
corpus striatum. The results of this study indicate that minor alterations in the manganese content of the developing rat brain can lead to neurochemical alterations in
specific brain regions.
Desole et al., 1994

6 month old Wistar rats.

Dosed twice daily with
25, 50 or 75 mg/kg (daily
total 50, 100 and 150
mg/kg) MnCl2 by gavage
for 7 days.
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Striatal and striatal
synaptasome
concentrations
of
neurochemicals.

At 100 and 150 mg/kg DA
significantly decreased in
striatum
and
striatal
synoptosomes. Low and high
dose caused reduction in
DOPAC in the striatum. GSH
and DHAA were reduced in
both areas at higher dose
levels. Correlation between
dopaminergic changes and
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DOPAC in the striatum. GSH
and DHAA were reduced in
both areas at higher dose
levels. Correlation between
dopaminergic changes and
cellular defence changes.
Abstract: In 6-month-old male Wistar rats, levels of dopamine (DA), dihydroxyphenylacetic acid (DOPAC), ascorbic acid (AA), dehydroascorbic acid (DHAA), uric acid
and glutathione (GSH) were determined by HPLC in the striatum and striatal synaptosomes after subchronic oral exposure to MnCl2 50-100-150 mg/kg. Mn significantly
decreased levels of DA and GSH and increased levels of DHAA and uric acid both in the striatum and synaptosomes. In synaptosomes, individual total Mn doses/rat
were directly correlated with individual DOPAC/DA ratio values (r = +0.647), uric acid (r = +0.532) and DHAA levels (r = +0.889) and inversely correlated with DA (r = 0.757) and GSH levels (r = -0.608). In turn, GSH levels were inversely correlated with uric acid (r = -0.451) and DHAA levels (r = -0.460). In conclusion, the response of
striatal cellular defence mechanisms (increase in AA oxidation, decrease in GSH levels) correlated well with changes in markers of dopaminergic system activity and
increase in uric acid levels. The latter provides evidence of an Mn-induced oxidative stress mediated by xanthine oxidase.
Lai et al., 1984

Porton strain Wistar rats.

1 mg MnCl2/ml drinking
water for up to 2 years.

Neurochemical
evaluation.

Several
neurochemical
changes consistent with
central doparunergic system
involve an age related
transient decrease in DA
uptake in hypothalamus
striatum and mid brain.

2;

Abstract: The effects of chronic and life-span (i.e. over 2 years) treatment with manganese (1 mg MnCl2.4H2O per ml of drinking water) on a number of neurochemical
parameters were studied. In development Mn-treatment led to transient but age-dependent decreases in synaptosomal dopamine uptake in hypothalamus, striatum and
mid-brain and decreases in synaptosomal choline uptake in hypothalamus but increase in synaptosomal choline uptake in striatum. However, synaptosomal
noradrenaline and serotonin uptake in these brain regions remained unaltered. Mn-treatment in development led to small decreases in choline acetyltransferase activities
in cerebellum and mid-brain of 2 month old rats but did not affect the regional distribution of glutamic acid decarboxylase or acetylcholinesterase. The same treatment did
not alter regional distribution of NAD-linked isocitric dehydrogenase although treatment with a high dose (10 mg MnCl2.4H2O per ml) resulted in transient but agedependent decreases in the activities of this enzyme but not those of glucose-6-phosphate dehydrogenase in cerebral cortex and mid-brain. Lifespan Mn-treatment (1 mg
MnCl2.4H2O per ml) exerted antagonistic effects on the age-related changes in activities of several enzymes. These results suggest that chronic Mn toxicity selectively
affects several neurochemical paradigms and the long-term effects of Mn toxicity on brain development and aging are different.
Erikson et al., 2004

Juvenile (6 week) male
and female CD rats and
>16 month male rats

Inhalation of MnSO4 at
3
0.01, 0.1 and 0.5 mg/m
of Mn for 5 day/week for
13 weeks.

108

Biochemical analyses of
5 brain regions for
evidence of oxidative
stress.

Variable results with age over
GSH levels in different brain
regions. GS protein levels
generally unaffected.
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Abstract: Juvenile female and male (young) and 16-mo-old male (old) rats inhaled manganese in the form of manganese sulfate (MnSO4) at 0, 0.01, 0.1, and 0.5 mg
Mn/m3 or manganese phosphate at 0.1 mg Mn/m3 in exposures of 6 h/d, 5 d/wk for 13 wk. We assessed biochemical end points indicative of oxidative stress in five brain
regions: cerebellum, hippocampus, hypothalamus, olfactory bulb, and striatum. Glutamine synthetase (GS) protein levels, metallothionein (MT) and GS mRNA levels, and
total glutathione (GSH) levels were determined for all five regions. Although most brain regions in the three groups of animals were unaffected by manganese exposure in
terms of GS protein levels, there was significantly increased protein (p<0.05) in the hippocampus and decreased protein in the hypothalamus of young male rats exposed
to manganese phosphate as well as in the aged rats exposed to 0.1 mg/m3 MnSO4. Conversely, GS protein was elevated in the olfactory bulb of females exposed to the
high dose of MnSO4. Statistically significant decreases (p<0.05) in MT and GS mRNA as a result of manganese exposure were observed in the cerebellum, olfactory
bulb, and hippocampus in the young male rats, in the hypothalamus in the young female rats, and in the hippocampus in the senescent males. Total GSH levels
significantly (p<0.05) decreased in the olfactory bulb of manganese exposed young male rats and increased in the olfactory bulb of female rats exposed to manganese.
Both the aged and young female rats had significantly decreased (p<0.05) GSH in the striatum resulting from manganese inhalation. The old male rats also had depleted
GSH levels in the cerebellum and hypothalamus as a result of the 0.1-mg/m3 manganese phosphate exposure. These results demonstrate that age and sex are variables
that must be considered when assessing the neurotoxicity of manganese.
Gianutsos et al., 1982

Male CD-1 Mice

MnCl2 in diet at 1% (1
month) then 4% for up to
6 months.
MMT
administered
subcutaneously at 20
mg/kg 11 times in a 3
week period or 80
mg/kg.

Neurochemical
evaluation of
regions.

brain

Decreased DA in striatum and
olfactory tuberates.
The
GABA concentration was
increased in the striatum also
GABA increased in the
substantia nigra for MMT
treated mice.
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Abstract: Administration of manganese to mice in the form of MnCl2 (4%) in the diet for 6 months or injections of the organic fuel-additive methylcyclopentadienyl
manganese tricarbonyl (MMT) for 3 weeks resulted in a decrease in dopamine concentrations in the striatum and olfactory tubercles. The GABA content of the striatum
was elevated after either treatment while the cerebellar GABA content did not change; GABA in the substantia nigra of MMT-treated mice was also increased. Choline
acetyltransferase activity remained unchanged in response to either manganese treatment. These results are in general agreement with previous studies of inorganic
manganese toxicity in other animal species. These changes in neurotransmitter concentrations were observed after longterm manganese administration but were not
seen in mice injected acutely with MMT or exposed to MnCl2 for 1-2 months.
Leung et al., 1981

2, 24-28 month old rats
Wistar (MRC Porton
Strain)

1 m g / M n C l2/ m l
of
drinking water for either
2 months or over 2
years.
Age-matched
controls.

109

Different brain region
MAO activity.

No age-related decrease in
dopamine oxidation rates in
all regions except cerebellum
and
cerebrum
when
compared with controls.
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Abstract: The effects of chronic manganese chloride administration (1 mg MnCl2 4H2O/ml of drinking water) and ageing on the regional distribution of monoamine
oxidase (MAO, EC 1.4.3.4) were studied in 2-month- and 24–28-month-old rats. In both the control and Mn-treated rats, the serotonin oxidation (type A) rates decreased
in hypothalamus, pons and medulla, striatum, midbrain and cerebral cortex, but not in cerebellum, in ageing. On the other hand the benzylamine oxidation (type B) rates
in hypothalamus, striatum and cerebral cortex increased in ageing. In all regions except the cerebellum, there was a uniform decrease in the A/B ratio. This decrease was
verified by differential inhibition studies using clorgyline and l-deprenyl, specific type A and type B inhibitors respectively. The dopamine-oxidising rates decreased in all
regions, except the cerebral cortex and the cerebellum, in ageing control rats. This age-related decrease was not seen in the striatum and midbrain of manganese-treated
rats. In these rats the other effect was an age-related increase in the rate of oxidation of all the amines in the cerebellum, not observed in control rats. These selective
effects of manganese are only seen when comparing age-related changes in both groups of animals, since comparison of manganese-treated rats with age-matched
controls showed a significant difference only in the rate of serotonin oxidation in the cerebellum of 2-month-old rats. The relationship of these observations to the effects
of ageing and manganese encephalopathy on specific amine systems is discussed.
Lipe et al., 1999

Weanling and adult male
CD rats

MnCl2 orally by gavage
at 10 or 20 mgMn/kg for
30 days.

Brain region, amino acid
concentrations.

Effect on adult weight but not
the weight gain of weaning
rats at 20 mg/kg. Increases
in aspartate, glutamate,
glutamine, taurine and GABA
of adults at 20 mg/kg
(cerebellum) but reduced
glutamine in caudate nucleus
and
hippocampus
of
weanlings at 10 mg/kg.
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Abstract: The present study was designed to determine if chronic exposure of weanlings and adult rats to Mn produces significant alterations in amino acid
concentrations in different regions of the rat brain. Weanling (30 day old) and adult (90 day old) male rats were exposed to 10 and 20 mg Mn/kg body weight per day, by
gavage, for 30 days. Forty-eight hours after the last dose, animals were sacrificed by decapitation and brains were dissected into different regions to determine the
concentration of amino acids by HPLC/EC. A dose dependent decrease in body weight gain was found in the adult, but not in the weanling rats. Significant increases
occurred in concentrations of aspartate, glutamate, glutamine, taurine and gamma-aminobutyric acid (GABA) in the cerebellum of the adult rats dosed with 20 mg/kg per
day, Mn. A significant decrease in the concentration of glutamine was observed in caudate nucleus and hippocampus of weanling rats dosed with 10 mg/kg, Mn. These
data suggest that chronic Mn exposure can produce a decrease in body weight gain in adult rats and alterations in amino acids in different regions of weanling and adult
rat brains.
Calabresi et al., 2001

Male Wistar rats

MnCl2 in drinking water
at 20 mg/ml for 10
weeks.

110

Biochemical,
morphological
and
electrophysiological
experiments.
Behavioural activity.

Increased Mn in basal ganglia
cortex, cerebellum and liver.
More active behavioural
differences than control rats
in open field assessments.
No overt morphological brain
change.
Behavioural
changes linked to D2 like DA
receptors controlling release
of glutamate in the striatum
(inhibition of dopaminergic
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change.
Behavioural
changes linked to D2 like DA
receptors controlling release
of glutamate in the striatum
(inhibition of dopaminergic
control).

Abstract: In the present study we have characterized a rat model of manganese (Mn) intoxication leading to behavioural disinhibition in the absence of major motor
alterations. These behavioural changes were associated with significantly increased brain Mn levels but were uncoupled to anatomical lesions of the striatum or to
morphological and cytochemical changes of the nigrostriatal dopaminergic pathway. The analysis of this model at cellular level showed an enhanced dopaminergic
inhibitory control of the corticostriatal excitatory transmission via presynaptic D2-like dopamine (DA) receptors in slices obtained from Mn-treated rats. Conversely, the
use of agonists acting on presynaptic purinergic, muscarinic, and glutamatergic metabotropic receptors revealed a normal sensitivity. Moreover, membrane responses
recorded from single dopaminergic neurons following activation of D2 DA autoreceptors were also unchanged following Mn intoxication. Thus, our findings indicate a
selective involvement of the D2-like DA receptors located on glutamatergic corticostriatal terminals in this pathological condition and suggest that the behavioural
symptoms described in the "early" clinical phase of manganism may be caused by an abnormal dopaminergic inhibitory control on corticostriatal inputs. The identification
of the synaptic mechanism underlying the "early" phase of Mn intoxication might have a critical importance to understand the causes of the progression of this
pathological condition towards an "established" phase characterized by motor abnormalities and anatomical lesions of the basal ganglia.
Hazell et al., 2006

Male
rats

Sprague-Dawley

MnCl2 intraperitoneal at
50 mg/kg for 1 day or 4
days (with or without Nacetyl cysteine (NAC) co
treatment CDA
–
manganese chelator).

B r a i n
M n
concentrations.
Histopathology of the
brain.

Elevated Mn in cerebral
cortex globus pallidus and
cerebellum.
Ty p e
II
astrocytosis observed in
assessment
of
glial
morphology findings not seen
with NAC or CDTA.
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Abstract: Exposure to manganese in an industrial or clinical setting can lead to manganism, a neurological disorder with similarities to Parkinson's disease. Although the
pathogenetic basis of this disorder is unclear, studies indicate this metal is highly accumulated in astrocytes, suggesting an involvement of these glial cells. To investigate
this issue, we have used a recently characterized, sub-acute model of manganese neurotoxicity. Treatment of rats with manganese (II) chloride (50 mg/kg body weight,
i.p.) once daily for 1 or 4 days led to increases in manganese levels of up to 232, 523, and 427% in the cerebral cortex, globus pallidus, and cerebellum, respectively, by
instrumental neutron activation analysis. These changes were accompanied by development of pathological changes in glial morphology identified as Alzheimer type II
astrocytosis in both cortical and sub-cortical structures. Co-treatment with either the antioxidant N-acetylcysteine or the manganese chelator 1,2cyclohexylenedinitrilotetraacetic acid completely blocked this pathology, indicating the cellular transformation may be mediated by oxidative stress associated with the
presence of this metal. These findings represent, to our knowledge, the first report of early induction of this pathological hallmark of manganese neurotoxicity, an event
previously considered a consequence of chronic exposure to manganese in primates and in human cases of manganism. Our results also indicate that use of this rodent
model may provide a novel opportunity to examine the nature and role of the Alzheimer type II astrocyte in the pathophysiology of this disorder as well as in other disease
processes in which cerebral accumulation of manganese occurs.
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Henriksson et al., 2000

Yo u n g
adult
male
Sprague-Dawley rats

EXPOSURE/DOSE AND
TIME PERIOD

OBSERVATIONS/
EVALUATIONS

Intranasal instillation at
0, 10, 250 or 1000 _g of
MnCl2 for one dose or
up to two further doses
at weekly intervals.

ELISA estimation of
astrocytic proteins or
IHC staining for GFAP,
S_1006 microglia or
fluro
jade-marker
neuronal.

STUDY FINDINGS

RELIABILITY

No reduction in astrocytes
reductions in GFAP and
S_1006 (Mn effect on
astrocytes).
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Abstract: Manganese (Mn), administered intranasally in rats, is effectively taken up in the CNS via the olfactory system. In the present study, Mn (as MnCl(2)) dissolved
in physiological saline, was instilled intranasally in rats at doses of 0 (control), 10, 250, or 1000 microg. At the start of the experiment each rat received an intranasal
instillation. Some rats were killed after one week without further treatment (the 1-w group), whereas the remaining rats received further instillations after one and two
weeks and were killed after an additional week (the 3-w group). The brains were removed and either used for ELISA-determination of the astrocytic proteins glial fibrillary
acidic protein (GFAP) and S-100b or histochemical staining of GFAP and S-100b, microglia (using an antibody against the iba1-protein) and the neuronal marker FluoroJade. There were no indications that the Mn induced neuronal damage. On the other hand, the ELISA showed that both GFAP and S-100b decreased in the olfactory
cortex, the hypothalamus, the thalamus, and the hippocampus of the 3-w group. The only effect observed in the 1-w group was a decrease of S-100b in the olfactory
cortex at the highest dose. The immunohistochemistry showed no noticeable reduction in the number of astrocytes. We assume that the decreased levels of GFAP and
S-100b are due to an adverse effect of Mn on the astrocytes, although this effect does not result in astrocytic demise. In the 3-w group, exposed to the highest dose of
Mn, increased levels of GFAP and S-100b were observed in the olfactory bulbs, but these effects are probably secondary to a Mn-induced damage of the olfactory
epithelium. Our results indicate that the astrocytes are the initial targets of Mn toxicity in the CNS.
Spadoni et al., 2000

Male Wistar rats

Drinking water solution
of Mn at 20 mg/ml for
13 weeks.
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Neuropathology, isolated
neurone physiology.

No evidence of neurone loss
or gliosis. Isolated neurones
of the globus pallidus (GP)
died soon after isolation. GP
neurones had specific
responses to glutamate
stimulation leading to
irreversible cell damage.
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Abstract: Prolonged exposure to manganese in mammals may cause an extrapyramidal disorder characterized by dystonia and rigidity. Gliosis in the pallidal segments
underlies the well-established phase of the intoxication. The early phase of the intoxication may be characterized by psychic, nonmotor signs, and its morphological and
electrophysiological correlates are less defined. In a rat model of manganese intoxication (20 mg/ml in drinking water for 3 months), neither neuronal loss nor gliosis was
detected in globus pallidus (GP). However, a striking vulnerability of manganese-treated GP neurons emerged. The majority of GP neurons isolated from manganesetreated rats died following brief incubation in standard dissociation media. In addition, patch-clamp recordings in the whole-cell configuration were not tolerated by
surviving GP neurons. Neither coeval but untreated GP neurons nor striatal ones manifested analogous susceptibility. Using the perforated-patch mode of recording we
attempted at identifying the functional hallmarks of GP vulnerability: in particular, voltage-gated calcium currents and glutamate-induced currents were examined.
Manganese-treated GP neurons exhibited calcium currents similar to control cells aside from a slight reduction in the dihydropyridine-sensitive current facilitation.
Strikingly, manganese-treated GP cells--but not striatal ones--manifested peculiar responses to glutamate, since repeated applications of the excitatory amino acid, at
concentrations which commonly promote desensitizing responses, produced instead an irreversible cell damage. Possible mechanisms are discussed.
Komura et al., 1991

6 week old male ddy mice

Dietary administration at
2g Mn/kg in the form
MnCO3, Mn (CH3 C00)
MnCO3 or MnO2 plus
controls for 100 days.

Animal activity at 30 day
intervals.
Blood
and
tissue
examination – Mn
content Food intake.

Dietary intake lower but Mn
intake for treated groups was
comparable.

2,

Mn content of most tissues 23 times higher than control
although significant variability
was observed between
treated groups and certain
tissues.
Reduced locomotor activity
correlated
with
Mn
concentration in tissues for
MnCO3 and Mn Ac.

Abstract: na
Komura et al., 1992

6 week old ddy mice

Same test materials as
[70] but exposure for 12
months.

Spontaneous
activity.

motor

Urine/blood/tissue.
Mn
concentration,
neurochemical assays.
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Mn levels in specific brain
regions
when
feeding
insoluble salts were higher
than soluble salts. DA and
MVA reduced with MnO2
(considered more toxic than
divalent manganese. Mn AC
most toxic of divalent
compounds.
Brain
accumulation of Mn Ac
correlated
with
the
suppression of motor activity.
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accumulation of Mn Ac
correlated
with
the
suppression of motor activity.
Abstract: This work has identified the relative toxicity of four forms of manganese, using biogenic amine levels, tissue retention, weight gain, and activity scores as
criteria. Male mice were chronically treated with four forms of manganese administered orally, mixed with the diet, for 12 months. The food intake for the control mice and
the mice exposed to manganese was similar, but the manganese treatment reduced normal weight gain in the mice. The Mn levels were higher in some parts of brain
after feeding insoluble salts than after the soluble salts. The concentration of manganese was significantly increased in the liver and spleen of the manganese carbonateexposed group, compared with the concentration in the control group. Manganese dioxide feeding lowered dopamine and increased homovanilic acid. Since manganese
dioxide is a powerful oxidizing agent in organic chemistry, it possibly enhanced the oxidative metabolite of dopamine. Accumulation of manganese in the brain correlated
with reduced hypothalamic dopamine levels in the manganese acetate-exposed group; and the amount of manganese accumulated correlated with the intensity of
suppression of motor activity. These findings indicate that manganese dioxide is more toxic than divalent manganese. Of the divalent manganese compounds,
manganese acetate seemed to have the greatest toxic effect.
Lai et al., 1982

Rat – from conception of
parent through lactation

Exposure to MnCl2 in
drinking
water
at
1 mg/ml for 70-90 days
of age or 90-120 days of
age plus controls (cage
matched).

Isolation
examination
synaptosomes.

and
of

Decreased DA uptake by
synaptosomes in striatum
hypothalamus and mid brain.
Choline uptake reduced in
hypothalamic synaptosomes
at 70-90 days and increased
in striatal synaptosomes at
120 days.

2;

Abstract: As a result of chronic manganese treatment of rats from conception onwards, a decrease was observed in the uptake of dopamine, but not of noradrenaline or
serotonin, by synaptosomes isolated from hypothalamus, striatum, and midbrain and in choline uptake by hypothalamic synaptosomes obtained from 70-90-day-old
animals. In 100-120-day-old manganese-treated rats the only difference observed was increased choline uptake by striatal synaptosomes. All comparisons were with
age-matched controls. These results, which are consistent with views of a dopaminergic and cholinergic involvement in manganese encephalopathy, point out that
changes in these systems are observable only at specific times during manganese intoxication.
Bonilla et al., 1994

Mouse – NMRI – IVIC
strain

Once daily – 5 mg Mn/kg
bodyweight
intraperitoneal injections
of
M n C l2
for
5 days/week for 9 weeks
plus controls.
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Twenty-two free amino
acids examined in
striatum and olfactory
bulb.

Wide series of amino acids
including GABA and tyrosine
diminished with Mn treated
mice in the olfactory bulb
alone.
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Abstract: We studied the levels of twenty two free amino acids in the striatum and olfactory bulb of mice treated during nine weeks with daily intraperitoneal injections of
manganese chloride at a concentration of 5.0 mg Mn+2/kg body weight. In the olfactory bulb the contents of alanine, alpha-amino-n-butyrate, arginine, asparagine,
aspartate, citrulline, GABA, glutamate, glycine, isoleucine, leucine, methionine, phenylalanine, serine, threonine, tyrosine, and valine were diminished. No alterations
were observed in the concentrations of free amino acids in the striatum of Mn-treated mice. The changes detected in the olfactory bulb merit a thorough evaluation in
order to determine its importance on the pathophysiology of manganese poisoning.
Chan et al., 1992

Wistar rat

10 mg MnCl2/ml drinking
water from parental
conception up to Days 5,
10, 22 or 120 p o s t
partum.

Manganese
and
magnesium levels in
brain regions.

Age-dependent regional
variation seen : most marked
in striatum and least marked
in the pons/medulla at Day 5.
Variations less pronounced in
weanling and adults.

2.

Abstract: Manganese (Mn) and magnesium (Mg) levels in hypothalamus, cerebellum, pons and medulla, striatum, midbrain, and cerebral cortex of control and Mntreated (10 mg MnCl2.4H2O per ml of drinking water) rats during postnatal development were studied using instrumental neutron activation analysis. The age-dependent
Mn accumulation showed regional variation: at day 5, this accumulation was most marked in striatum (12.05 micrograms/g wet weight) but least marked in cerebral cortex
(0.85 micrograms/g wet weight). By day 10, pons and medulla, and hypothalamus were regions with, respectively, the highest (4.73 micrograms/g wet weight) and the
lowest (0.52 micrograms/g wet weight) Mn levels. By contrast, brain regional Mn variations were less pronounced in weanling and adult rats. The age-dependent Mg
accumulation showed regional variation at day 5, being most marked in pons and medulla (720 micrograms/g wet weight) and least marked in cerebral cortex (295
micrograms/g wet weight). Mg levels in all regions decreased after day 5; by day 120, only Mg level in cerebral cortex was lower than levels in other regions (the latter
being very similar). In general, the age-related decreases in Mn and Mg levels paralleled the decreases in water content and increases in tissue weight, suggesting that
the maturation of the blood-brain barrier may play important role(s) in brain Mn and Mg homeostasis. Chronic Mn-treatment from conception onwards altered the regional
Mn and Mg distribution patterns during development. Our results are consistent with the hypothesis that chronic Mn toxicity exerts modulatory effects on brain regional
metabolism and homeostasis of Mn and other metals during development.
Chen et al., 2006a

Sprague-Dawley
male rat

adult

Dose effect group – 25,
50 and 100 mg MnCl2/kg
bodyweight by single
injection. Time course
group – 50 mg MnCl2/kg
intraperitoneally for 12,
24, 48 or 72 hour
exposure.
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Brain region
Mn concentration
Degree
of
peroxidation.

lipid

Significant Mn accumulation
in a number of regions for
both groups.
Increased
malonialdehyde accumulation
(lipid peroxidation product) in
frontal cortex, hippocampus
striatum, hypothalamus and
medulla.
No relationship
between Mn concentration
and lipid peroxidation.
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Abstract: Although manganese (Mn) is an essential element, exposure to excessive levels of Mn and its accumulation in the brain can cause neurotoxicity and
extrapyramidal syndrome. We have investigated the differences in the accumulated levels of Mn, the degree of lipid peroxidation, and its effects on the levels of trace
elements (Fe, Cu, and Zn) in various regions in the brain of rats having undergone acute Mn exposure. The rats in the dose-effect group were injected intraperitoneally
(ip) with MnCl2 (25, 50, or 100 mg MnCl2/kg ) once a day for 24 h. The Mn significantly accumulated (p<0.05) in the frontal cortex, corpus callosum, hippocampus,
striatum, hypothalamus, medulla, cerebellum, and spinal cord in each case. The rats in the time-course group were ip injected with MnCl2 (50 mg MnCl2/kg) and then
monitored 12, 24, 48, and 72 h after exposure. The Mn accumulated in the frontal cortex, corpus callosum, hippocampus, striatum hypothalamus, medulla, cerebellum,
and spinal cord after these periods of time, In both the dose-effect and time-course studies, we observed that the concentration of malondialdehyde, an end product of
lipid peroxidation, increased significantly in the frontal cortex, hippocampus, striatum, hypothalamus, medulla, and cerebellum. However, no relationship between the
concentrations of Mn in the brain and the extent of lipid peroxidation was observed. In addition, we found that there was a significant increase (p<0.05) in the level of Fe
in the hippocampus, striatum, hypothalamus, medulla, and cerebellum, but the Cu and Zn levels had not changed significantly. These findings indicated that Mn induces
an increase in the iron level, which provides direct evidence for Fe-mediated lipid peroxidation in the rats' brains; these phenomena might play important roles in the
mechanisms of Mn-induced neurotoxicology.
Dobson et al., 2003

Sprague Dawley CD rats
– male young adult

Inhalation of MnSO4 at
0, 0.03, 0.3 or 3.0 mg
3
Mn/m
6 hr/day 7
day/week
for
14
exposures.

Assessment
of
biochemical end points
of oxidative stress in 3
brain regions plus
hypothalamus
and
hippocampus.

At 2 highest levels significant
increased in GA protein levels
in olfactory bulb. At same
dose levels slightly lower
increases in GS protein in
hypothalamus. GSH slightly
decreased and MT mrna
increased in hypothalamus.

2,

Abstract: Eight-week-old rats inhaled manganese (Mn) in the form of MnSO4 at 0, 0.03, 0.3, or 3.0 mg Mn/m3 for 6 h/d for 7 d/wk (14 consecutive exposures). Brain
manganese concentrations in these animals were reported by Dorman et al. in 2001, noting the following rank order: olfactory bulb > striatum > cerebellum. We assessed
biochemical end points indicative of oxidative stress in these three brain regions, as well as the hypothalamus and hippocampus. Glutamine synthetase (GS) protein
levels and total glutathione (GSH) levels were determined for all five regions. GS mRNA and metallothionein (MT) mRNA levels were also evaluated for the cerebellum,
hypothalamus, and hippocampus. Statistically significant increases (p<0.05) in GS protein were observed in the olfactory bulb upon exposure to the medium and high
manganese doses. In the hypothalamus, statistically significant (p<0.05) but more modest increases were also noted in the medium and high manganese dose. Total
GSH levels significantly (p<0.05) decreased only in the hypothalamus (high manganese dose), and MT mRNA significantly increased in the hypothalamus (medium
manganese dose). No significant changes were noted in any of the measured parameters in the striatum, although manganese concentrations in this region were also
increased. These results demonstrate that the olfactory bulb and hypothalamus represent potentially sensitive areas to oxidative stress induced by exceedingly high
levels of inhaled manganese sulfate and that other regions, and especially the striatum, are resistant to manganese induced oxidative stress despite significant
accumulation of this metal.
Pecze et al., 2004

Wistar rat – young adult
male

Animals anaesthetised
and administered 50 or
25 mg Mn/kg as MnCl2.
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Neural
electrocorticogram pre and
post dose.

Clear effect on cortical
response evoked by Whisker
stimulation
primarily
amplitude (dose related) –
suggested Mn effect on
mitochondria/ glutamatergic
transmission.
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amplitude (dose related) –
suggested Mn effect on
mitochondria/ glutamatergic
transmission.

Abstract: In this work, acute effects of inorganic manganese exposure on nervous electrical activity of rats were investigated. Young adult male Wistar rats were
prepared for recording in anaesthesia and spontaneous cortical as well as stimulus-evoked cortical and peripheral nervous activity was recorded before and after i.p.
administration of 25 and 50 mg/kg Mn2+. The alterations found resulted possibly from several known neuronal effects of manganese. The frequency shift of spontaneous
cortical activity, and increased latency and decreased amplitude of the peripheral nerve action potential, were probably due to the Mn(2+)-induced impairment of the
mitochondria, whereas the increased amplitude of the evoked cortical response, to the effect on glutamatergic transmission.
Tran et al., 2002

Neonatal male SpragueDawley rats

Oral gavage with MnCl2
in sucrose at dose levels
of 0, 50, 250 or 500
_g/day : Days 1 – 20.

Dopamine (DA) analysis
in brain behavioural
tests (learning).

Significant
relationship
between Mn exposure and
striatal DA. Greater deficits in
behavioural tests with higher
Mn exposure.

2;

Abstract: Neonatal exposure to high levels of manganese (Mn) has been indirectly implicated as a causal agent in attention deficit hyperactivity disorder (ADHD), since
Mn toxicity and ADHD both involve dysfunction in brain dopamine (DA) systems. This study was undertaken to examine this putative relationship in an animal model by
determining if levels of neonatal dietary Mn exposure were related to brain DA levels and/or behavioural tests of executive function (EF) when the animals reached
maturity. We used 32 newborn male Sprague-Dawley rats and randomly assigned them to one of the four dietary Mn supplementation conditions: 0, 50, 250 and 500
microg per day, administered daily in water from postnatal days 1-21. During days 50-64, the animals were given a burrowing detour test and a passive avoidance test. At
day 65, the animals were killed and brains were assayed for DA. There was a statistically significant relationship (P = 0.003) between dietary Mn exposure and striatal
DA. On the burrowing detour and passive avoidance, greater deficits were observed for animals subjected to higher Mn exposure, but these differences did not reach
statistical significance. However, tests for heterogeneity of variance between groups were statistically significant for all measures, with positive relationship between Mn
exposure and degree of within-group behavioural variability. Kendall's nonparametric test of the relationship between the three behavioural measures and striatal DA
levels was also statistically significant (P = 0.02). These results lend support to the hypothesis that neonatal Mn exposure is related to brain DA levels and neurocognitive
deficit in the rodent.
Weber et al., 2002

CD rat (neonate)

MnCl2 dissolved in water
orally to neonates for
21 days at 0, 25 or
50 mg/kg bodyweight.
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Brain Mn concentrations
plus
biochemical
analysis
of
brain
regions.

Increased cerebral and
cerebellar Mn concentrations.
High doses increased
cerebro-cortical GSH without
affecting other end points
associated with oxidative
stress.
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Abstract: We evaluated biochemical endpoints related to oxidative stress in brains of neonatal rats exposed to manganese (Mn). Oral Mn chloride (MnCl2) (0, 25, or 50
mg Mn chloride kg(-1) body weight per day) was given daily to neonatal rats throughout lactation (i.e. from postnatal day (PND) 1 to 21). As previously reported by [J.
Appl. Toxicol. 20 (2000) 179], this treatment paradigm results in increased cerebral cortex (CTX) Mn concentrations in PND 21 rats from both Mn treatment groups. High
dose Mn exposure also results in increased cerebellar Mn concentrations. This preliminary study determined whether this exposure paradigm also affects cerebrocortical
or cerebellar metallothionein (MT) mRNA levels, glutamine synthetase (GS) activity, GS protein levels, as well as total glutathione (GSH) levels. High dose Mn exposure
significantly increased (P < 0.05) total cerebrocortical GSH without accompanying changes in any of the other measured parameters. Therefore, it is unlikely that high
dose Mn exposure is associated with oxidative stress in this experimental paradigm.
Witholt et al., 2000

Female Sprague-Dawley
rat (pre Parkinsonism
model using 6-OHDA)

McCl2 administered to
rats either pre treated or
untreated with 6-OHDA.
Dose level 4.8 mg Mn/kg
3 x week for weeks plus
controls (negative and 6OHDA).

Striatal DA.
Functional observation
battery.
B r a i n
concentrations.

M n

No effect on striatal DA even
with increased brain Mn
concentration.

2;

Mn
exacerbated
the
behavioural performance in
the pre-parkinsonism model.

Abstract: Recent studies have implicated chronic elevated exposures to environmental agents, such as metals (e.g., manganese, Mn) and pesticides, as contributors to
neurological disease. In particular, there is a concern that sensitive subpopulations such as the aged may be at increased risk for the onset of neurologic disorders
because elevated exposures to Mn is associated with increased incidence of Parkinsonism. Here, we utilized a rat model of pre-parkinsonism to investigate the effects of
Mn exposure on neurotoxicity and the exacerbation of Parkinsonism. A pre-parkinsonism state was induced using a unilateral intrastriatal injection of 6-hydroxydopamine
(6-OHDA), followed 4 weeks later by Mn exposure (4.8 mg Mn/kgx3 intraperitoneal injections/week) for 5 weeks. Female Sprague-Dawley rats (n=44) were divided
among the following treatments: (A) control, saline/vehicle; (B) Mn only; (C) 6-OHDA only; and (D) 6-OHDA+Mn. Brain Mn levels were measured by ICP-MS.
Neurobehavioral function was assessed following Mn exposure using a functional observational battery (FOB) consisting of 10 neurobehavioral tests. Unilateral 6-OHDA
lesions produced significant ipsilateral vs. contralateral striatal dopamine depletions (60-70%), but no measurable impairment of neurobehavioral function, thereby
substantiating this pre-parkinsonism (i.e., subthreshold) model. In contrast, Mn exposure resulted in significant impairment of neurobehavioral function for eight of the 10
FOB tests. No effects of Mn exposure on striatal dopamine depletion were detected, despite the 3.4-fold increase in brain Mn levels over controls. Notably, Mn exposure
in the presence of a pre-parkinsonism state significantly exacerbated the neurobehavioral impairment in the reactivity to handling (P<.049) and hopping contralateral rear
limb (P<.033) FOB tests. While the persistence and Mn dose-response relationship of these neurobehavioral effects were not evaluated here, these results nonetheless
suggest that chronic Mn exposure may increase the risk of neurobehavioral impairment in subpopulations that are in a pre-parkinsonism state.
Reaney et al., 2006

Long Evans rat

MnCl2 (Mn II) or Mn-pyro
phosphate (Mn III) as
intraperitoneal injection
(total cumulative dose 0,
20, 90 mg Mn/kg
bodyweight).
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MnB, brain region ,Mn
concentration.
Brain
assay.

neurochemical

Higher blood and brain Mn
(III) levels than Mn (II).
GABA and DA levels altered
in the globus pallidum.
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Abstract: Concern over the neurotoxic effects of chronic moderate exposures to manganese has arisen due to increased awareness of occupational exposures and to
the use of methylcyclopentadienyl manganese tricarbonyl, a manganese-containing gasoline antiknock additive. Little data exist on how the oxidation state of manganese
exposure affects toxicity. The objective of this study was to better understand how the oxidation state of manganese exposure affects accumulation and subsequent
toxicity of manganese. This study utilized a rat model of manganese neurotoxicity to investigate how ip exposure to Mn(II)-chloride or Mn(III)-pyrophosphate at total
cumulative doses of 0, 30, or 90 mg Mn/kg body weight affected the brain region distribution and neurotoxicity of manganese. Results indicate that Mn(III) exposures
produced significantly higher blood manganese levels than equimolar exposures to Mn(II). Brain manganese concentrations increased in a dose-dependent manner, with
Mn(III) exposures producing significantly higher (> 25%) levels than exposures to Mn(II) but with no measurable differences in the accumulation of manganese across
different brain regions. Gamma amino butyric acid concentrations were increased in the globus pallidus (GP) with manganese exposure. Dopamine (DA) levels were
altered in the GP, with the highest Mn(II) and Mn(III) exposures producing significantly different DA levels. In addition, transferrin receptor and H-ferritin protein expression
increased in the GP with manganese exposure. These data substantiate the heightened susceptibility of the GP to manganese, and they indicate that the oxidation state
of manganese exposure may be an important determinant of tissue toxicodynamics and subsequent neurotoxicity.
Reichel et al., 2006

Sprague-Dawley neonatal
rat

Oral administration of
MnCl2 at 250 or 750
_g/day from Day 1 – 21
post partum. Additional
co-treatment of cocaine
for
subgroup
on
locomotor test.
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Behavioural
investigations including
locomotor activity Days
14, 21 and 90 p o s t
p a r t u m . Striatal DA
transporter binding site
assessment.

At 750 _g/kg – enhanced
locomotor activity for the
cocaine treated animals (at
10 mg/kg but attenuated at
20 mg/kg).
In second week Mn treated
rats performed more poorly
on negative geotaxis test.
Long term reductions in
striatal DA transporter binding
sites.
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Abstract: In the present study, we examined whether exposing rats to manganese (Mn) during the preweanling period would affect basal or cocaine-induced locomotor
activity in adulthood and reduce the number of striatal dopamine transporter binding sites. On postnatal day (PD) 1-21, rats were given oral supplements of vehicle or Mn
chloride (250 or 750 microg/day). Striatal Mn and iron (Fe) accumulation as well as serum Fe levels were measured on PD 14, PD 21, and PD 90. Throughout the dosing
period, rats were evaluated on standard measures of sensory and motor development. During adulthood, the basal and cocaine-induced locomotor activity of vehicleand Mn-exposed rats was assessed using automated testing chambers. After completion of behavioural testing, striatal dopamine transporter binding sites were
measured using [(3)H]GBR 12935. Results showed that early Mn exposure enhanced striatal Mn accumulation on PD 14 and PD 21, while depressing serum Fe levels
on PD 21. Exposure to Mn on PD 1-21 did not affect striatal or serum Mn or Fe levels on PD 90. During the second postnatal week, Mn-exposed rat pups performed
more poorly than controls on a negative geotaxis task, however basal motor activity of preweanling rat pups was not affected by Mn treatment. When tested in adulthood,
basal locomotor activity of vehicle- and Mn-exposed rats also did not differ. In contrast, adult rats previously exposed to 750 microg/day Mn showed an enhanced
locomotor response when challenged with 10 mg/kg cocaine. A different pattern of results occurred after treatment with a higher dose of the psychostimulant, because
Mn-exposed rats showed an attenuated locomotor response when given 20 mg/kg cocaine. Importantly, Mn-exposed rats exhibited long-term reductions in striatal
dopamine transporter binding sites. Considered together, these results indicate that postnatal Mn exposure has long-term behavioural and neurochemical effects that can
persist into adulthood.
Nachtman et al., 1986

Adult male
Dawley rat.

Sprague-

1 mg/ml MnCl2 i n
drinking water up to 65
weeks plus controls.

We e k l y
locomotor
activity (Weeks 1 – 13)
then every 4 weeks.
d-amphetamine
challenge weeks (14,
29, 41, 65).

Increased activity Weeks 5 –
7 then normal Week 8. Mn
treated
animals
more
responsive to d-amphetamine
at Week 14 (and 29), then
increased response was gone
at Week 41 and 65.
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Abstract: Manganese (Mn) is an industrially important metal which, when given in excess, produces lesions in the basal ganglia of rats and humans. Humans poisoned
with Mn often exhibit an initial hyperactivity ("manganese madness") followed by a Parkinsonism-like syndrome. The present studies examined the effects of chronic Mn
exposure on locomotor activity in rats maintained on 0.0 or 1.0 mg Mn(Cl)2 X 4H2O/ml drinking water. No differences in mean body weights were observed from 0-65
weeks of treatment. Locomotor activity was tested in 15 min sessions at weekly intervals (Weeks 1-13), then at 4 or 14 week intervals thereafter. Mn treatment produced
a significant increase in activity on weeks 5-7 before returning to control values at 8 weeks. Habituation measured within a test session was not affected at any time. At
14 and, to a lesser extent, 29 weeks, Mn animals were found to be more responsive to the effects of 1.25 mg/kg d-amphetamine (d-A) than controls. This increased
responsiveness was gone at Weeks 41 and 65. Consistent with clinical reports, these results suggest that Mn may produce a transient increase in dopaminergic function,
as measured by both spontaneous and d-A-stimulated locomotor activity.
Liu et al., 2006

12 week old
C37Bl/6 mice

female

MnCl2 by oral gavage at
100
mg/kg daily for
8 weeks.
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Immunohistochemistry
and fluorojade staining
of striatum and globus
pallidus plus immuno
fluorescence.

Increased Mn in striatum,
neuronal injury in striatum
and
globus
pallidus
(particularly
around
microvasculative
with
perivascular
oedema).
Apoptotic neurones showing
05
N ,
neuronal
acetyltransferase and entephalin
diminutions in locomotor
activity. Increased numbers
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Apoptotic neurones showing
05
N ,
neuronal
acetyltransferase and entephalin
diminutions in locomotor
activity. Increased numbers
of reactive astrocytes.

Abstract: Chronic exposure to excessive manganese (Mn) is the cause of a neurodegenerative movement disorder, termed manganism, resulting from degeneration of
neurons within the basal ganglia. Pathogenic mechanisms underlying this disorder are not fully understood but involve inflammatory activation of glial cells within the
basal ganglia. It was postulated in the present studies that reactive astrocytes are involved in neuronal injury from exposure to Mn through increased release of nitric
oxide. C57Bl/6 mice subchronically exposed to Mn by intragastric gavage had increased levels of Mn in the striatum and displayed diminutions in both locomotor activity
and striatal DA content. Mn exposure resulted in neuronal injury in the striatum and globus pallidus, particularly in regions proximal to the microvasculature, indicated by
histochemical staining with fluorojade and cresyl fast violet. Neuropathological assessment revealed marked perivascular edema, with hypertrophic endothelial cells and
diffusion of serum albumin into the perivascular space. Immunofluorescence studies employing terminal deoxynucleotidyl transferase-mediated deoxyuridine triphosphate
(DUTP)-biotin nick-end labelling revealed the presence of apoptotic neurons expressing neuronal nitric oxide synthase (NOS), choline acetyltransferase, and enkephalin
in both the striatum and globus pallidus. In contrast, soma and terminals of dopaminergic neurons were morphologically unaltered in either the substantia nigra or
striatum, as indicated by immunohistochemical staining for tyrosine hydroxylase. Regions with evident neuronal injury also displayed increased numbers of reactive
astrocytes that coexpressed inducible NOS2 and localized with areas of increased neuronal staining for 3-nitrotyrosine protein adducts, a marker of NO formation. These
data suggest a role for astrocyte-derived NO in injury to striatal-pallidal interneurons from Mn intoxication.
Bird et al., 1984

Female Rhesus monkey

Inhalation exposure to
manganese dust (MnO)
for 6 hrs/day and 5
days/week/ 2 years (total
4g of Mn dust per day)
plus controls.

Clinical examination and
assessment
of
dopamine levels in
brain.
Mn concentration
brain.

in

No neurological disorders
were observed.

2;
Small group sizes.

Significant DA decreases in
caudate and globus pallidus.
60 – 80% increase in Mn
concentration in basal
ganglia.

Abstract: Manganese (Mn) may produce neurotoxicity in man through inhalation of Mn dust. Animals exposed to excessive Mn develop neurological abnormalities, and
neuropathological lesions in the brain mainly in the globus pallidus with decreased concentrations of the neurotransmitter, dopamine (DA), in the brain. Monkeys exposed
to Mn by inhalation did not produce any abnormal movements. After two years, the animals were sacrificed and certain brain areas were compared to controls. There
were significant decreases in DA concentration in caudate and globus pallidus, and there was a 60-80% increase in Mn concentration in the basal ganglia of the brain.
The DA system in the basal ganglia is vulnerable to the effects of Mn, but the amount of Mn inhaled and the period of exposure would appear to determine whether
abnormal neurological signs develop.
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Chen et al ., 2006b

Adult male baboon

EXPOSURE/DOSE AND
TIME PERIOD

OBSERVATIONS/
EVALUATIONS

Animals sedate and
given MnSO4 initially two
subcutaneous dosed
with
one
baboon
followed by intravenous
administration (10 – 50
mg/kg).

PET studies to measure
dopamine transporter
(DAT) levels.
Also in vitro receptor
binding
assays
conducted as a separate
experiment.

STUDY FINDINGS

RELIABILITY

Single acute doses resulted
in increased DAT binding
potential up to 1 week after
administration returning to
baseline after up to 4 months.

2;
Small
animal
numbers.

In vitro studies suggested
then in vivo findings were a
compensatory response to
inhibition of DAT.

Abstract: We used positron emission tomography (PET) to measure non-invasively the effect of acute systemic administration to manganese sulfate (MnSO4) on
dopamine transporter (DAT) levels in the living non-human primate brain. Baboons received [11C]-WIN 35,428 PET scans to measure DAT levels before and after acute
MnSO4 administration. In one animal, we observed a 46% increase in DAT binding potential (BP), a measure of DAT binding site availability, 1 week after Mn
administration. DAT levels returned to baseline values at 4 months and remained constant at 10 months after treatment. A subsequent single MnSO4 injection to the
same animal also resulted in a 57% increase in DAT-BP, 2 days after administration. In a second animal, a 76% increase in DAT-BP relative to baseline was observed at
3 days after Mn injection. In this animal, the DAT-BP returned to baseline levels after 1 month. Using in vitro receptor binding assays, we found that Mn inhibits [3H]-WIN
35,428 binding to rat striatal DAT with an inhibitory constant (Ki) of 2.0+/-0.3mM (n=4). Saturation isotherms and Scatchard analysis of [3H]-WIN 35,428 binding to rat
striatal DAT showed a significant decrease (30%, p<0.001) in the maximal number of binding sites (Bmax) in the presence of 2mM MnSO4. No significant effect of Mn
was found on binding affinity (Kd). We also found that Mn inhibits [3H]-dopamine uptake with an IC50 of 11.4+/-1.5mM (n=4). Kinetic studies and Lineweaver-Burk
analysis showed a significant decrease (40%, p<0.001) in the maximal velocity of uptake (Vmax) with 5mM MnSO4. No significant effect of Mn was found on MichaelisMenten constant (Km). These in vitro findings suggest that the increase in DAT levels in vivo following acute Mn administration may be a compensatory response to its
inhibitory action on DAT. These findings provide helpful insights on potential mechanisms of Mn-induced neurotoxicity and indicate that the DAT in the striatum is a target
for Mn in the brain.
Erikson et al., 2007

Juvenile Rhesus monkey

Inhalation exposure to
MnSO4 at 0, 0.06, 0.3 or
3
1.5 mg Mn/m for 65
days (5 days/week
exposure). Total Days =
90.

Brain neurochemical
and
MRNA
assessments.

All MnSO4 exposed animals
had decreased pallidal GS
protein, GLAST protein and
decreased caudate GLT-1
MRNA.
3

At 0.06 and 0.3 mg/m
increased pallidal MRNA
levels (or GLT-1, GLAST and
TH).
3

122

At > 0.3 mg/m had several
reductions into both MRNA
and neurochemicals. GSH
3
also reduced at 1.5 mg/m in
caudate but increased in
cortex.

2;
No report of animal
condition/behaviou
r.

Studies in laboratory animals
REFERENCE

TEST SUBJECT

EXPOSURE/DOSE AND
TIME PERIOD

OBSERVATIONS/
EVALUATIONS

STUDY FINDINGS

RELIABILITY
3

also reduced at 1.5 mg/m in
caudate but increased in
cortex.
Abstract: The purpose of this study was to evaluate biochemical markers of neurotoxicity following subchronic manganese sulfate (MnSO(4)) inhalation. Juvenile rhesus
monkeys were exposed to MnSO(4) at 0, 0.06, 0.3, or 1.5 mg Mn/m(3) for 65 days. Glutamine synthetase (GS), glutamate transporters (glutamate transporter-1 [GLT-1]
and glutamate/aspartate transporter [GLAST]) and tyrosine hydroxylase (TH) protein levels, metallothionein (MT), GLT-1, GLAST, TH and GS mRNA levels, and total
glutathione (GSH) levels were assessed in known targets (caudate, globus pallidus, putamen) as well as the cerebellum, frontal cortex, and olfactory cortex. All MnSO(4)exposed monkeys had decreased pallidal GS protein, decreased caudate GLT-1 mRNA, decreased pallidal GLAST protein, and increased olfactory cortical TH mRNA
levels. Monkeys exposed to MnSO(4) at 0.06 or 0.3 mg Mn/m(3) had significantly increased pallidal mRNA levels for GLT-1, GLAST, and TH. Monkeys exposed to
MnSO(4) at > or = 0.3 mg Mn/m(3) had several alterations including decreased frontal cortical MT mRNA, decreased caudate, globus pallidus, olfactory cortex, and
cerebellum GLT-1 protein, decreased olfactory cortex and cerebellum GLAST protein, increased cerebellar GLAST mRNA, and decreased pallidal TH protein levels.
Lastly, GSH levels were significantly increased in the frontal cortex and decreased in the caudate of monkeys exposed to the 1.5-mg Mn/m(3) compared to the controls.
Overall, as in our previous studies, we observed that increased Mn concentrations due to airborne Mn exposure differentially affects biomarkers in each brain region (e.g.,
GSH was increased in the frontal cortex and decreased in the caudate despite two- to threefold increases in Mn concentrations in these regions).
Gupta et a., 1980

Rhesus monkey

MnCl2
administered
orally at 25 mg/kg for 18
months.

Clinical observations.
Neuropathological
examination including
histochemical
assessment
of
neuromelanin.

Primates developed muscular
weakness and rigidity in lower
limbs after 18 months.
Neuronal degeneration and
gliosis.
Nerve cells in
substantia nigra showed loss
of neuromelanin.

2;
Small group size.

Abstract: Monkeys developed muscular weakness and rigidity of the lower limbs after 18 months exposure to manganese. These are neurological signs typical of
chronic manganese intoxication. Marked neuronal degeneration with depigmentation was noticed in the region of substantia nigra. Significance of depigmentation in
relation to the depletion in the contents of brain dopamine in chronic manganese intoxication has been discussed.
Newland et al., 1992

Cebus monkey

Study duration 450 days.
MnCl2
administered
intravenously at dose
level of 5 or 10 mg/kg as
an acute dose using a
multiple
baseline
experimental design.
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Animal response to
operate a response
device.

5 mg/kg caused an increase
in
failed
responses,
appearing within days and
lasting over weeks. Decline
occurred after months. A
cumulative dose of 10 to 40
mg/kg resulted in no return to
baseline. Above 40 mg/kg
saw action tremor.

2;
Small
numbers.

group

Studies in laboratory animals
REFERENCE

TEST SUBJECT

EXPOSURE/DOSE AND
TIME PERIOD

OBSERVATIONS/
EVALUATIONS

STUDY FINDINGS

RELIABILITY

Abstract: Manganese produces signs and symptoms that suggest involvement of the basal ganglia, especially the globus pallidus and substantia nigra. Overt
neurological signs have been reported in primates exposed to high levels of manganese (over 100 mg/kg) but little is known about the effects of lower doses. To examine
these issues, three cebus monkeys were trained to operate a response device with their arms and legs by executing a rowing-like movement against a 3.9- to 4.1-kg
spring through an arc length of 10 cm under a multiple fixed-ratio fixed-interval schedule of reinforcement. Over the course of 450 days, these monkeys were
administered acute doses of 5 or 10 mg/kg iv of manganese chloride using a multiple baseline experimental design. Doses as low as 5 mg/kg provoked a large increase
in the number of incomplete responses. The onset of manganese's effect appeared within days of exposure and developed over the course of several weeks. Its
magnitude declined over the course of months, but after a cumulative dose of 10 to 40 mg/kg it did not return to baseline. Action tremor appeared at cumulative doses
greater than 40 mg/kg and dystonia was never observed at the cumulative doses examined. Behavioural microanalysis revealed that manganese's effects initially
appeared as increased variability of interresponse times and response duration. Later, the response pattern during the fixed ratio component shifted to one of
progressively increasing durations through the course of the ratio. Magnetic resonance imaging revealed that the behavioural effects of manganese corresponded to an
apparent increase in the manganese content of the globus pallidus and substantia nigra.
Olanow et. al., 1996

Rhesus monkey – adult
male

7 intravenous injections
of MnCl2 of 10 to 14
mg/kg (once per week)
(levadopa administered
at onset of clinical
signs).

Clinical examination,
neuropathology,
neurochemical assay.

2 of 3 animals developed
bradykinesia, rigidity and
facial grimace with neither
responding to levadopa
gliosis observed in substantia
nigra pars reticularis (focal
mineral deposits seen in
these areas).

2;
Small numbers, no
controls.

Abstract: We gave three adult rhesus monkeys seven IV injections of manganese chloride at approximately 1-week intervals. We evaluated neurologic status by serial
clinical examinations and performed a levodopa test if the animal developed features of basal ganglia dysfunction. After the animals were killed, we performed
neuropathologic, neurochemical, and laser microprobe mass analysis (LAMMA) studies. Two of three animals developed a Parkinsonism syndrome characterized by
bradykinesia, rigidity, and facial grimacing suggestive of dystonia but not tremor. Neither animal responded to levodopa. Autopsy demonstrated gliosis primarily confined
to the globus pallidus (GP) and the substantia nigra pars reticularis (SNr). We detected focal mineral deposits throughout the GP and SNr, particularly in a perivascular
distribution. LAMMA studies noted that mineral deposits were primarily comprised of iron and aluminium. The severity of pathologic change correlated with the degree of
clinical dysfunction. These studies demonstrate that, in contrast to Parkinson's disease (PD) and MPTP-induced Parkinsonism, manganese primarily damages the GP
and SNr and relatively spares the nigrostriatal dopaminergic system. Further, the results suggest that Mn-induced Parkinsonism can be differentiated from PD and MPTPinduced Parkinsonism by the clinical syndrome and response to levodopa. The accumulation of iron and aluminium suggests that iron/aluminium-induced oxidant stress
may contribute to the damage associated with Mn toxicity.
Schneider et al., 2006

Cynomologus Macaque

MnSO4 at 10 – 15
mg/kg/ week over 272
days + 17 (10 mg/kg for
5 weeks then 15 mg/kg)
plus 1 control animal.
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Overall
b e h a v i o u r,
cognitive training and
testing, fine motor skills.
Vi s u a l
pattern
discrimination activity,
blood/brain Mn levels.

At the end of dosing phase
there were deficits in spatial
working memory.
Modest
decreases in spontaneous
activity and manual dexterity.
Increased
stereotypic
behaviour MnB ranged 29.4
to 73.7 _g/l (baseline 5.1 to
14.2 _g/l.

2;
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Increased
stereotypic
behaviour MnB ranged 29.4
to 73.7 _g/l (baseline 5.1 to
14.2 _g/l.

Abstract: Acute exposure to manganese is associated with complex behavioural/psychiatric signs that may include Parkinsonism motor features. However, little is known
about the behavioural consequences of chronic manganese exposures. In this study, cynomolgus macaque monkeys were exposed to manganese sulfate (10-15
mg/kg/week) over an exposure period lasting 272+/-17 days. Prior to manganese exposure, animals were trained to perform tests of cognitive and motor functioning and
overall behaviour was assessed by ratings and by videotaped analyses. By the end of the manganese exposure period, animals developed subtle deficits in spatial
working memory and had modest decreases in spontaneous activity and manual dexterity. In addition, stereotypic or compulsive-like behaviours such as compulsive
grooming increased in frequency by the end of the manganese exposure period. Blood manganese levels measured at the end of the manganese exposure period
ranged from 29.4 to 73.7 micro g/l (mean=55.7+/-10.8 (compared to levels of 5.1-14.2 micro g/l at baseline (mean=9.2+/-2.7)), placing them within the upper range of
levels reported for human environmental, medical or occupational exposures. These results suggest that chronic exposure to levels of manganese achieved in this study
may have detrimental effects on behaviour, cognition and motor functioning.
Struve et al., 2007

Male Rhesus monkey

MnSO4 by inhalation at
doses of 0, 0.06, 0.3 and
3
1.5 mg Mn/m 6 hr per
day 5 days/week for 90
days (65 exposures).

Brain Mn levels.
Brain neurotransmitter
concentrations including
DA, DOPAC, HVA,
GABA,
5 H T,
NE,5_hydroxy
indolacetic acid.

1.5 – 6 fold increase in brain
Mn.

2;

3

At 1.5 mg Mn/m there was a
marginally
significant
decrease in pallidal GABA
and 5-hydroxy indolacetic
acid.

Abstract: BACKGROUND: Manganese neurotoxicity in humans is recognized as a form of Parkinsonism with lesions occurring predominantly within the globus pallidus,
subthalamic nucleus, putamen, and caudate nucleus. METHODS: This study evaluated dopamine, 3,4-dihydroxyphenylacetic acid, homovanillic acid, serotonin,
norepinephrine, 5-hydroxyindoleacetic acid, gamma-aminobutyric acid (GABA), and glutamate concentrations in the globus pallidus, caudate, and putamen of male
rhesus monkeys exposed subchronically to either air or manganese sulfate (MnSO4) at 0.06, 0.3, or 1.5 mg Mn/m3. RESULTS: An approximate 1.5-6-fold increase (vs.
air-exposed controls) in mean brain manganese concentration was observed following subchronic MnSO4 exposure. A marginally significant (P < 0.1) decrease in pallidal
GABA and 5-hydroxyindoleacetic acid concentration and caudate norepinephrine concentration occurred in monkeys exposed to MnSO4 at 1.5 mg Mn/m3.
CONCLUSIONS: Despite the presence of increased tissue manganese concentrations, high-dose exposure to MnSO4 was associated with relatively few changes in
basal ganglial neurotransmitter concentrations.
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Table 5:

In vitro studies

REFERENCE

TEST SUBJECT

EXPOSURE/DOSE
AND TIME PERIOD

OBSERVATIONS/
EVALUATIONS

Walton et. al., 1976

Brain sections from
Sprague-Dawley
rat
(striatum and olfactory
turberates)

Range of MnCl2 doses
between 1 - 100 _m up
to 4 mM with/without
addition of Mg ions.

Sprague-Dawley
astrocyte cultures

100, 500 _m or 1 mM
MnCl2

STUDY FINDINGS

RELIABILITY

Evaluation of ademylate.
Cyclase activity in brain
slices
and
synaposomes.

Stimulation by MnCl2 was 8
16
fold
at
low
concentrations up to a
doubling of activity at 50 60 _M. Low doses of Mn
did not prevent DA
stimulation of adenylate
cyclase in striatum.

2;

ATP assay.

Mn at all levels inhibited net
glutamine
uptake.
Significant increase in
isoprosane levels 2 hours
post
treatment
concentration dependent
reduction in ATP.

2;

Abstract: na
Milatovic et al., 2007

rat

Mitochondrial membrane
potential, 3H-glutamine
uptake, F2 isoprostanes
measurement.

Abstract: Excessive free radical formation has been implicated as a causative factor in neurotoxic damage associated with exposures to a variety of metals, including
manganese (Mn). It is well established that Mn accumulates in astrocytes, affecting their ability to indirectly induce and/or exacerbate neuronal dysfunction. The present
study examined the effects of Mn treatment on the following endpoints in primary astrocyte cultures: (1) oxidative injury, (2) alterations in high-energy phosphate
(adenosine 5'-triphosphate, ATP) levels, (3) mitochondrial inner membrane potential, and (4) glutamine uptake and the expression of glutamine transporters. We
quantified astrocyte cerebral oxidative damage by measuring F(2)-isoprostanes (F(2)-IsoPs) using stable isotope dilution methods followed by gas chromatography-mass
spectrometry with selective ion monitoring. Our data showed a significant (p < 0.01) elevation in F(2)-IsoPs levels at 2 h following exposure to Mn (100 microM, 500
microM, or 1 mM). Consistent with this observation, Mn induced a concentration-dependent reduction in ATP and the inner mitochondrial membrane potential
(DeltaPsi(m)), measured by the high pressure liquid chromatography method and the potentiometric dye, tetramethyl rhodamine ethyl ester, respectively. Moreover, 30
min of pretreatment with Mn (100 microM, 500 microM, or 1 mM) inhibited the net uptake of glutamine (GLN) ((3)H-glutamine) measured at 1 and 5 min. Expression of
the messenger RNA coding the GLN transporters, SNAT3/SN1 and SNAT1, was inhibited after 100 and 500 microM Mn treatment for 24 h. Our results demonstrate that
induction of oxidative stress, associated mitochondrial dysfunction, and alterations in GLN/glutamate cycling in astrocytes represent key mechanisms by which Mn exerts
its neurotoxicity.
Filipov et al., 2005

Murine
cultures

N9

microglia

50 - 100 _m Mn for
various time durations +
lipopoly-saccharide
126
(LPS).

Assays (or LDH, NOS
and No. Neutral red
uptake for cytotoxicity
assessment, interleukin
and tumour necrosis
factor-alpha (TNF-).

In the absence of LPS
moderate increases in
interleukin and TNF-a.

2;
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lipopoly-saccharide
(LPS).

OBSERVATIONS/
EVALUATIONS
uptake for cytotoxicity
assessment, interleukin
and tumour necrosis
factor-alpha (TNF-).

STUDY FINDINGS

RELIABILITY

interleukin and TNF-a.
Mn enhanced LPS-induced.
NO production and NOS
expression.

Abstract: Recent evidence suggests that the mechanism of manganese (Mn) neurotoxicity involves activation of microglia and/or astrocytes; as a consequence, neurons
adjacent to the activated microglia may be injured. Mn modulation of proinflammatory cytokine expression by microglia has not been investigated. Therefore, the
objectives of this research were to (1) assess whether Mn induces proinflammatory cytokine expression and/or modulates lipopolysaccharide (LPS)-induced expression
of proinflammatory cytokines and (2) investigate possible mechanisms for such an induction. N9 microglia were exposed in vitro to increasing concentrations (50-1000
microM) of Mn in the presence or absence of LPS (10, 100, or 500 ng/ml). After various incubation times (up to 48 h), media levels of several cytokines and nitric oxide
(NO) were determined, as was the expression of the inducible form of NO synthase (iNOS). Lactate dehydrogenase (LDH) release into the medium and the cellular
uptake of Neutral Red were used as general measures for cytotoxicity. In the absence of LPS, Mn moderately increased interleukin-6 and tumour necrosis factor alpha
(TNF-a) production only at higher Mn concentrations, which were cytotoxic. At all LPS doses, however, proinflammatory cytokine production was dose-dependently
increased by Mn. Similarly, LPS-induced NO production and iNOS expression were substantially enhanced by Mn. Pharmacological manipulations indicated that nuclear
factor kappa B (NFkappaB) activation is critical for the observed enhancement of cytokine and NO production. Within the context of inflammation, increased production of
proinflammatory cytokines and NO by Mn could be an important part of the mechanism by which Mn exerts its neurotoxicity.
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Miscellenous human occupational/environmental studies
Table 6:

Miscellaneous human occupational/environmental studies

These studies have not further been evaluated. All have been published in peer reviewed journals. None of them has been performed according to GLP or GLP
–regulations with use in regulatory processes in mind.

REFERENCE

TEST SUBJECT

EXPOSURE/DOSE AND OBSERVATIONS/
TIME PERIOD
EVALUATIONS

STUDY FINDINGS

RELIABILITY

Bouchard et al., 2003
Abstract: Long-term exposure to manganese (Mn) can induce neurotoxic effects including neuromotor, neurocognitive and neuropsychiatric effects, but there is a
great interpersonal variability in the occurrence of these effects. It has recently been suggested that blood Mn (MnB) may interact with alcohol use disorders,
accentuating neuropsychiatric symptoms. The objective of the present study was to explore a possible interaction between alcohol consumption and MnB on mood
states, using an existing data set on Mn exposed workers. Respirable Mn exposure in the plant averaged 0.23 mg/m3 and was correlated with MnB. All participants
for whom all data on MnB concentration and mood (assessed with the Profile of Mood States (POMS)) were available and who reported currently drinking alcohol
were included in the analyses (n=74). Workers were grouped according to their MnB concentration (<10 and > or =10 µg/l) and alcohol consumption (<400 and > or
=400g per week). Two-way ANOVAs were performed on each POMS scale and Mann-Whitney tests were used to assess group differences. Workers in the higher
alcohol consumption group had higher scores on three POMS scales: tension, anger and fatigue. There was no difference for POMS scale scores between MnB
subgroups. Dividing the group with respect to alcohol consumption and MnB showed that the group with high alcohol consumption and high MnB displayed the
highest scores. In the lower MnB category, those in the higher alcohol consumption group did not have higher scores than the others. The interaction term for
alcohol consumption and MnB concentration was statistically significant (P<0.05) for the depression, anger, fatigue and confusion POMS scales. There was a
tendency for tension (P<0.06), and it was not significant for vigour. This study shows the first evidence of an interaction between MnB and alcohol consumption on
mood states among Mn exposed workers and supports the results from a previous population-based study.
Mergler et al., 1994
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Abstract: Neurological disorders. bearing many similarities to Parkinson's disease, have been associated with environmental and occupational exposure to
manganese (Mn). To document early nervous system dysfunction associated with long-term exposure to Mn, a battery of neurofunctional tests was administered to
workers employed in Mn alloy production. Study participation was 95% (n = 115). A matched pair design was used; actively working men, with no history of
workplace exposure to neurotoxins. were recruited from the region as referents. Matching was done on the variables: age (±3 years), educational level (±2 years),
smoking status, and number of children. Stationary environmental sampling indicated that Mn levels varied widely (geometric means: Mn dust, 0.89 mg/ml;
respirable Mn, 0.04 mg/ml). The alloy workers had significantly higher levels of whole blood Mn (geometric mean: 1.03 µg/100 ml vs. 0.68 µg/100 m1); no
differences were observed for urinary Mn. Univariate and multivariate analysis of variance revealed that the pairs differed on symptom reporting, emotional state,
motor functions. cognitive flexibility. and olfactory perception threshold; verbal fluency. basic mathematics. reading capability. and attentional capacity were similar.
These findings are consistent with current knowledge on brain Mn activity and suggest that manifestations of early manganism can be observed in well designed
population studies, using sensitive testing methods.
Gibbs et al., 1999
Abstract: Seventy-five workers with recent and/or historical exposure to manganese (Mn) at a metal producing plant in northern Mississippi were closely matched
with 75 control workers who had no known history of occupational exposure to Mn. Both plants are OSHA STAR work sites and share common medical, safety, and
industrial hygiene services. Airborne Mn levels (MnAIR) were assessed for each of twelve job categories at the Mn facility by collecting 63 side-by-side full-shift
personal samples of both total and respirable Mn dust. Exposures of workers currently working with Mn averaged 0.066 mg/3 respirable Mn (MnInh) and 0.18 mg/3
total Mn (MnAIR). An assessment of major equipment and work practice changes over the past several years and estimates of the resultant relative impacts on
exposure was made. Based on this information and individual employment information, each worker's cumulative exposure to respirable and total Mn was estimated
for the preceding 30 days, preceding year, and for the worker's entire employment history. Both Mn and control workers were administered multiple
neuropsychological tests including tests of hand-eye coordination, hand steadiness, complex reaction time, and rapidity of finger tapping. A questionnaire was used
to evaluate a worker's neuropsychological status. Performance decreased significantly with increasing age in tests of hand-eye coordination, complex reaction time
and finger tapping speed. No effect of Mn exposure was found on the results of the questionnaire or any neuropsychological test.
Ellingsen et al., 2008
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Abstract: Neurobehavioral functions were studied in 96 welders currently exposed to the geometric mean (GM) concentration of 121 µg/m3 (range 7-2322)
manganese (Mn) in welding fume (MnAIR) based on the individual mean from two successive days of sampling. They were compared to 96 age-matched referents.
The arithmetic mean (AM) concentration of Mn in whole blood (MnB) was 8.6 µg/L versus 6.9 µg/L in the referents. Associations between the Digit Symbol and
finger Tapping test scores and MnB and MnAIR, respectively, were observed. The welders exposed to the highest MnAIR concentrations (GM 423 µg/m3 range 204
- 2322) had statistically significantly poorer finger Tapping test score as compared to their age-matched referents. The welders with the highest AM concentration of
MnB (12.6 µg/L) scored statistically significantly poorer on the Digit Symbol test when compared to the age-matched referents (AM of MnB, 7.5 µg/L). The same
neurobehavioral test battery was applied to 27 patients diagnosed, and financially compensated, as having welding related manganism. They were on average 44.9
(range 34-51) years old at the time of diagnosis, which on average was 5.8 years prior to this study. They had worked as welders for 23.1 years on average (range
15-30). The most affected neurobehavioral functions were associated with impaired finger Tapping speed and Grooved Pegboard performance. The patients had no
alterations in hand tremor as assessed by the CATSYS system, while a few subjects had noticeable tremor as assessed by the Static Steadiness test.
Bast-Pettersen
2004

et

al.,

Abstract: The objective of this study was to investigate potential nervous system effects of manganese (Mn) exposure in workers employed in manganese-alloyproducing plants. One hundred male Mn alloy plant workers were compared with 100 age-matched referents. The subjects were examined with a comprehensive
neuropsychological test battery. Exposure was assessed by measurement of Mn concentrations in the workroom air, blood and urine. The geometric mean (GM)
concentration of inhalable Mn in workroom air was 301 µg/m3. The GM concentration of Mn in whole blood (181 nmol/l vs 160 nmol/l, P=0.002) and urine (0.9
nmol/mmol creatinine vs 0.4 nmol/mmol creatinine, P<0.001) was higher among the exposed subjects than among the referents. The Mn-exposed subjects had
increased postural tremor while conducting a visually guided tremor test (static steadiness test) compared with the referents (mean number of contacts 94 vs 59 (P =
0.001); duration of contacts (in seconds) 5.1 vs 3.5 ( P = 0.003)). The tremor had larger frequency dispersion, indicating that the tremor included a wider variety of
frequencies, among the exposed subjects than among the referents, assessed by the "TREMOR" test system. Smoking habits (self-reported) influenced the tremor
parameters significantly, the Mn-exposed smokers having more tremor than the non-smoking Mn-exposed subjects. No differences between the groups were found
in tests for cognitive functions, reaction time or in symptom reporting. Overall, the Mn-exposed subjects had increased hand tremor compared with their referents.
The tremor was related to exposure parameters. Smoking habits (self-reported) influenced the tremor parameters.
Apostoli P., et al., 2000
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Abstract: Whole blood and urinary manganese have been measured in occupational and environmental studies for the assessment of exposure. The aim of this
study was to assess the relationship between the airborne concentrations of manganese and these biological indicators. METHODS: Environmental and biological
monitoring was performed in a group of 94 employees in a ferroalloy production, who were exposed to manganese (Mn) oxides (MnO(2) and Mn(3)O(4)). The
results were compared with those from a control group of 87 subjects not exposed to Mn. RESULTS: Mn exposure levels ranged between 5 and 740 µg/m3, with
arithmetic and geometric mean and median values being 202.6, 97.6, and 150 µg/m3, respectively. Arithmetic and geometric means for Mn in total blood (MnB)
were, respectively, 10.3+/-3.8 and 9.7 µg/L in the exposed and 5.9+/-1.7 and 5.7 µg/L in the controls. For urinary Mn (MnU), arithmetic and geometric means were,
respectively, 4.9+/-3.6 and 3. 8 µg/L in the exposed and 1.2+/-1.4 and 0.7 µg/L in the controls. On a group comparison, a significant relationship was found between
high and low exposed subgroups, identified according to Mn atmospheric concentrations (MnA), for both MnB (F value=38.0, P > 0.0001) and MnU (F value=36.1, P
> 0.0001). On a linear relationship, a correlation was observed between MnA and MnB (r=0. 34; r(2)=0.112; P=0.001), whereas no association was found between
MnA and MnU. A significant relationship emerged also between MnB and MnU (r=0.48, r(2)=0.23, P < 0.0001). No association was observed between an index of
cumulative exposure and the biological indicators of exposure. CONCLUSIONS: These results confirm that MnB and MnU can discriminate groups of occupationally
exposed workers from groups of nonexposed subjects. MnB is also related to the intensity of external exposure on a linear relationship, but given a high variability, it
is not suitable for individual biological monitoring. Therefore, further research should focus on more accurate biomarkers of Mn exposure.
Myers et al., 2003b
Abstract: Five hundred and nine workers at a manganese (Mn) smelting works comprising eight production facilities and 67 external controls were studied crosssectionally. Exposure measures from personal sampling included inhalable dust, cumulative exposure indices (CEI) and average intensity (INT = CEI/years
exposed) calculated for the current job at the smelter and also across all jobs held by subjects. Biological exposure was measured by Mn in the blood (MnB) and
urine (MnU) and biological effect was measured by serum prolactin. Average lifetime exposure intensity across all jobs ranged from near 0 (0.06 µg/m3) for
unexposed external referents to 5 mg/m3. Atmospheric exposures and MnB and MnU distributions were consistent with published data for both unexposed and
smelter workers. Associations between biological exposures and groups defined by atmospheric exposures in the current job were substantial for MnB, less so for
MnU and absent for serum prolactin. Random sampling of MnB measurements representative of a group of workers with more than 1-2 years of service in the same
job and notionally homogenous exposure conditions could serve as a cross-sectional predictor of atmospheric Mn exposure in the current job, as well as for
surveillance of Mn exposure trends over time. Correlations at the individual level were only modest for MnB (33% of the variance in log atmospheric Mn intensity in
the current job was explained by log MnB), much worse for MnU (only 7%). However, a receiver operating characteristic (ROC) analysis was performed which
showed that it is possible to use a MnB cut-off of 10 µg/l (the 95th percentile in the unexposed) to good effect as a screening tool to discriminate between individual
exposures exceeding and falling below a relatively strict atmospheric Mn exposure threshold at the ACGIH threshold limit value (TLV) of 0.2 mg/m3. MnU has no
utility as a measure of biological exposure nor does serum prolactin as a measure of biological effect.
Roels et al., 1987
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Abstract: A cross-sectional epidemiological study was carried out among 141 male subjects exposed to inorganic manganese (Mn) in a Mn oxide and salt
producing plant (mean age 34.3 years; duration of exposure, mean 7.1 years, range 1-19 years). The results were compared with those of a matched control group
of 104 subjects. The intensity of Mn exposure was moderate as reflected by the airborne Mn levels and the concentrations of Mn in blood (MnB) and in urine (MnU).
A significantly higher prevalence of cough in cold season, dyspnea during exercise, and recent episodes of acute bronchitis was found in the Mn group. Lung
ventilatory parameters (forced vital capacity, FVC; forced expiratory volume in one second, FEV1; peak expiratory flow rate, PEFR) were only mildly altered in the
Mn group (smokers) and the intensity and the prevalence of these changes were not related to MnB, MnU, or duration of exposure. There was no synergistic effect
between Mn exposure and smoking on the spirometric parameters. Except for a few nonspecific symptoms (fatigue, tinnitus, trembling of fingers, increased
irritability), the prevalence of the other subjective complaints did not differ significantly between the control and Mn groups. Psychomotor tests were more sensitive
than the standardized neurological examination for the early detection of adverse effects of Mn on the central nervous system (CNS). Significant alterations were
found in simple reaction time (visual), audioverbal short-term memory capacity, and hand tremor (eye-hand coordination, hand steadiness). A slight increase in the
number of circulating neutrophils and in the values of several serum parameters (ie, calcium, ceruloplasmin, copper, and ferritin) was also found in the Mn group.
There were no clear-cut dose-response relationships between MnU or duration of Mn exposure and the prevalence of abnormal CNS or biological findings. The
prevalences of disturbances in hand tremor and that of increased levels of serum calcium were related to MnB. The response to the eye-hand coordination test
suggests the existence of a MnB threshold at about 1 µg Mn/100 ml of whole blood. This study demonstrates that a time-weighted average exposure to airborne Mn
dust (total dust) of about 1 mg/m3 for less than 20 years may present preclinical signs of intoxication.
Sjögren et al., 1996
Abstract: The purpose of this study was to study the effects on the nervous system in welders exposed to aluminium and manganese. The investigation included
questionnaires on symptoms, psychological methods (simple reaction time, finger tapping speed and endurance, digit span, vocabulary, tracking, symbol digit,
cylinders, olfactory threshold, Luria-Nebraska motor scale), neurophysiological methods (electroencephalography, event related auditory evoked potential (P-300),
brainstem auditory evoked potential, and diadochokinesometry) and assessments of blood and urine concentrations of metals (aluminium, lead, and
manganese).The welders exposed to aluminium (n = 38) reported more symptoms from the central nervous system than the control group (n = 39). They also had a
decreased motor function in five tests. The effect was dose related in two of these five tests. The median exposure of aluminium welders was 7065 hours and they
had about seven times higher concentrations of aluminium in urine than the controls. The welders exposed to manganese (n = 12) had a decreased motor function
in five tests. An increased latency of event related auditory evoked potential was also found in this group. The median manganese exposure was 270 hours. These
welders did not have higher concentrations of manganese in blood than the controls. The neurotoxic effects found in the groups of welders exposed to aluminium
and manganese are probably caused by the aluminium and manganese exposure, respectively. These effects indicate a need for improvements in the work
environments of these welders.
Yuan H., et al., 2006:
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Abstract: The neurotoxicity of manganese has been demonstrated by many researches. But few reports have been found on its immunotoxicity in manganeseexposed workers. In this study, welding workers (aged 34 years) were selected as Mn-exposed subjects. They have been exposed to manganese for 16 years. The
control group was from a flour plant. The average concentrations of Mn, Cd, Fe and Ni in work place were 138.40 +/- 11.60 µg/m3, 581.40 +/- 45.32 µg/m3, 3.84 +/0.53 µg/m3 and 12.64 +/- 2.80 ng/m3, respectively. Blood Mn (4.84 mug/dl) of welding workers was higher than that of the control group (1.92 µg/dl).
Neurobehavioral core test battery (NCTB) recommended by WHO was conducted on the subjects and found that the scores of negative emotions, such as
confusion-bewilderment, depression-dejection, fatigue-inertia, and tension-anxiety, were higher in welding workers. Visual simple reaction time and the fast simple
reaction time were shorter than that of the control group. The numbers of digital span, forward digital span, backward digital span and digital symbol decreased in
welding workers compared with control group. Monoamine neurotransmitters and their metabolism substances in urine were tested by HPLC-ultraviolet. NE, E,
MHPG, HVA, DA, DOPAC and 5-HT in the urine of Mn-exposed group had no significant changes while 5-HIAA in Mn-exposed group had significantly decreased
compared with that of the control group. Lymphocyte subsets of the subjects were determined by Flow Cytometer. CD3+ T cell, CD4+CD8- T cell, CD4-CD8+ T cell,
CD4+CD45RO- "virgin" lymphocytes, CD4+CD45RO+ "memory" lymphocytes, and CD3-CD19+ B cell had no significant changes compared with the control group.
The results showed that long-term exposure to manganese in welding might have adverse effects on mood state, neurobehaviour, and peripheral neurotransmitters.
However, they had no effects on lymphocyte subsets parameters.
Myers et al., 2003b
Abstract: Five hundred and nine workers at a manganese (Mn) smelting works comprising eight production facilities and 67 external controls were studied crosssectionally. Exposure measures from personal sampling included inhalable dust, cumulative exposure indices (CEI) and average intensity (INT = CEI/years
exposed) calculated for the current job at the smelter and also across all jobs held by subjects. Biological exposure was measured by Mn in the blood (MnB) and
urine (MnU) and biological effect was measured by serum prolactin. Average lifetime exposure intensity across all jobs ranged from near 0 (0.06 µg/m3) for
unexposed external referents to 5 mg/m3. Atmospheric exposures and MnB and MnU distributions were consistent with published data for both unexposed and
smelter workers. Associations between biological exposures and groups defined by atmospheric exposures in the current job were substantial for MnB, less so for
MnU and absent for serum prolactin. Random sampling of MnB measurements representative of a group of workers with more than 1-2 years of service in the same
job and notionally homogenous exposure conditions could serve as a cross-sectional predictor of atmospheric Mn exposure in the current job, as well as for
surveillance of Mn exposure trends over time. Correlations at the individual level were only modest for MnB (33% of the variance in log atmospheric Mn intensity in
the current job was explained by log MnB), much worse for MnU (only 7%). However, a receiver operating characteristic (ROC) analysis was performed which
showed that it is possible to use a MnB cut-off of 10 µg/l (the 95th percentile in the unexposed) to good effect as a screening tool to discriminate between individual
exposures exceeding and falling below a relatively strict atmospheric Mn exposure threshold at the ACGIH threshold limit value (TLV) of 0.2 mg/m3. MnU has no
utility as a measure of biological exposure nor does serum prolactin as a measure of biological effect.
Sassine et al., 2002
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Abstract: A population-based study on early neurotoxic effects of environmental exposure to manganese (Mn) enabled us to investigate the relation between blood
Mn levels (MnB), alcohol consumption, and risk for alcohol use disorders (AUD) on mental health. Participants were selected using a random stratified sampling
procedure. Self-administered questionnaires provided data on alcohol consumption, sociodemographics, medical history, and lifestyle. Mood states were assessed
with the Brief Symptom Inventory (BSI), and risk for AUD was surveyed using a behavioural screening questionnaire and categorized into no, low, and high risk. Of
297 participants, 253 current drinkers who had responded to all questions on alcohol use were retained. Psychologic distress increased with risk for AUD and
alcohol consumption > or = 420 g/week. Higher MnB levels (> or =7.5 µg/L) intensified the relation between risk for AUD and BSI scale scores. The Prevalence odd
ratios for positive cases of psychologic distress with risk for AUD, 1.98 [1.13-3.46], differed when divided by MnB strata: lower MnB: 1.34 [0.64-2.85]; higher MnB:
4.22 [1.65-10.77]. CONCLUSIONS: These findings suggest that higher levels of blood manganese significantly increase neuropsychiatric symptoms associated with
risk for alcohol use disorders.
Rodríguez-Agudelo et al.,
2006
Abstract: Overexposure to manganese (Mn) causes neurotoxicity (a Parkinson-like syndrome) or psychiatric damage ("manganese madness"). Several studies
have shown alterations to motor and neural behaviour associated with exposure to Mn in the workplace. However, there are few studies on the effects of
environmental exposure of whole populations. We studied the risk of motor alterations in people living in a mining district in Mexico. We studied 288 individual
people (168 women and 120 men) from eight communities at various distances from manganese extraction or processing facilities in the district of Molango. We
measured manganese concentrations in airborne particles, water, soil and crops and evaluated the possible routes of Mn exposure. We also took samples of
people's blood and determined their concentrations of Mn and lead (Pb). We used "Esquema de Diagnóstico Neuropsicológico" Ardila and Ostrosky-Solís's
neuropsychological battery to evaluate motor functions. Concentrations of Mn in drinking water and maize grain were less than detection limits at most sampling
sites. Manganese extractable by DTPA in soils ranged between 6 and 280 mg kg(-1) and means were largest close to Mn extraction or processing facilities. Air Mn
concentration ranged between 0.003 and 5.86 µg/m3; the mean value was 0.42 µg/m3 and median was 0.10 µg/m3, the average value (geometric mean) resulted to
be 0.13 µg/m3. Mean blood manganese concentration was 10.16 µg/l, and geometric mean 9.44 µg/l, ranged between 5.0 and 31.0 microg/l. We found no
association between concentrations of Mn in blood and motor tests. There was a statistically significant association between Mn concentrations in air and motor
tests that assessed the coordination of two movements (OR 3.69; 95% CI 0.9, 15.13) and position changes in hand movements (OR 3.09; CI 95% 1.07, 8.92). An
association with tests evaluating conflictive reactions (task that explores verbal regulations of movements) was also found (OR 2.30; CI 95% 1.00, 5.28). It seems
from our results that people living close to the manganese mines and processing plants suffer from an incipient motor deficit, as a result of their inhaling
manganese-rich dust.
Bowler et al., 2006
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Abstract: Confined space welding in construction of a new span of the San Francisco-Oakland Bay Bridge without adequate protection was studied using a
multidisciplinary method to identify the dose-effect relationship between adverse health effects and Mn in air or whole blood. Bridge welders (n = 43) with little or no
personal protection equipment and exposed to a welding fume containing Mn, were administered neurological, neuropsychological, neurophysiological and
pulmonary tests. Outcome variables were analysed in relation to whole blood Mn (MnB) and a Cumulative Exposure Index (CEI) based on MnAIR, duration and type
of welding. Welders performed a mean of 16.5 months of welding on the bridge, were on average 43.8 years of age and had on average 12.6 years of education.
The mean time weighted average of MnAIR ranged from 0.11-0.46 mg/m3 (55% >0.20 mg/m3). MnB >10 µg/L was found in 43% of the workers, but the
concentrations of Mn in urine, lead in blood and copper and iron in plasma were normal. Forced expiratory volume at 1s: forced vital capacity ratios (FEV(1)/FVC)
were found to be abnormal in 33.3% of the welders after about 1.5 years of welding at the bridge. Mean scores of bradykinesia and Unified Parkinson Disease
Rating Scale exceeded 4 and 6, respectively. Computer assisted tremor analysis system hand tremor and body sway tests, and University of Pennsylvania Smell
Identification Test showed impairment in 38.5/61.5, 51.4 and 88% of the welders, respectively. Significant inverse dose-effect relationships with CEI and/or MnB
were found for IQ (p<or=0.05), executive function (p <o r=0.03), sustaining concentration and sequencing (p<or=0.04), verbal learning (p<or=0.01), working
(p<or=0.04) and immediate memory (p<or=0.02), even when adjusted for demographics and years of welding before Bay Bridge. Symptoms reported by the welders
while working were: tremors (41.9%); numbness (60.5%); excessive fatigue (65.1%); sleep disturbance (79.1%); sexual dysfunction (58.1%); toxic hallucinations
(18.6%); depression (53.5%); and anxiety (39.5%). Dose-effect associations between CEI and sexual function (p<0.05), fatigue (p<0.05), depression (p<0.01) and
headache (p<0.05) were statistically significant. Overall, confined space welding was shown to be associated with neurological, neuropsychological and pulmonary
adverse health effects. A careful enquiry of occupational histories is recommended for all welders presenting with neurological or pulmonary complaints, and a more
stringent prevention strategy should be considered for Mn exposure due to inhalation of welding fume.
Takser et al., 2003
Abstract: Several studies have demonstrated neurobehavioral impairment related to manganese (Mn) exposure in the workplace. Exposure to high doses of
manganese is associated with irreversible neurodegenerative disorders resembling idiopathic Parkinson disease. Although there is a risk of Mn accumulation in the
foetus during pregnancy, little information exists about developmental effects of environmental low-level exposure in human. For this reason, we conducted a
prospective epidemiological study in 247 healthy pregnant women and their babies to determine the long-term effect of in utero Mn levels on child's psychomotor
development. Concurrently, we examined the relationship between Mn tissue levels at delivery and foetal plasma monoamine metabolites. Of the newborns, 195
were examined at 9 months, 126 at 3 years and 100 at 6 years. At 9 months, the Brunet-Lézine scales were administered. The McCarthy scales of children's
abilities were used at 3 and 6 years. After adjustment for potential confounding co-factors (child's gender, mother's educational level), negative relationships were
observed between cord blood Mn levels and several psychomotor sub-scales at age of 3 years: "attention" (partial r=-0.33, P<0.001), "non-verbal memory" (partial
r=-0.28, P<0.01), and "hand skills" (partial r=-0.22, P<0.05). No significant relationships were observed between Mn measures at birth and the general psychomotor
indices, Brunet-Lézine developmental quotient (DQ) at 9 months or McCarthy general cognitive index (GCI) at 3 and 6 years. Maternal blood Mn levels were
negatively associated with foetal plasma HVA and 5-HIAA concentrations (adjusted for labour duration, child's gender, and smoking during pregnancy), but the
adjustment for monoamine levels at birth did not change the association between the Mn levels and the psychomotor scores. These results suggest that
environmental Mn exposure in utero could affect early psychomotor development.
Dorman et al., 2002
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Abstract: Experiments examining the dosimetry of inhaled manganese generally focus on pulmonary deposition and subsequent delivery of manganese in arterial
blood to the brain. Growing evidence suggests that nasal deposition and transport along olfactory neurons represents another route by which inhaled manganese is
delivered to certain regions of the rat brain. The purpose of this study was to evaluate the olfactory uptake and direct brain delivery of inhaled manganese phosphate
((54)MnHPO(4)). Male, 8-wk-old, CD rats with either both nostrils patent or the right nostril occluded underwent a single, 90-min, nose-only exposure to a
(54)MnHPO(4) aerosol (0.39 mg (54)Mn/m(3); MMAD 1.68 microm, sigma(g) 1.42). The left and right sides of the nose, olfactory pathway, striatum, cerebellum, and
rest of the brain were evaluated immediately after the end of the (54)MnHPO(4) exposure and at 1, 2, 4, 8, and 21 d post exposure with gamma spectrometry and
autoradiography. Rats with two patent nostrils had equivalent (54)Mn concentrations on both sides of the nose, olfactory bulb, and striatum, while asymmetrical
(54)Mn delivery occurred in rats with one occluded nostril. High levels of (54)Mn activity were observed in the olfactory bulb and tubercle on the same side (i.e.,
ipsilateral) to the open nostril within 1-2 d following (54)MnHPO(4) exposure, while brain and nose samples on the side ipsilateral to the nostril occlusion had
negligible levels of (54)Mn activity. Our results demonstrate that the olfactory route contributes to (54)Mn delivery to the rat olfactory bulb and tubercle. However, this
pathway does not significantly contribute to striatal (54)Mn concentrations following a single, short-term inhalation exposure to (54)MnHPO(4).
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