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One hundred workers carried personal air sampling equipment during three days to assess exposure to
inhalable and respirable Mn. A novel four-step chemical fractionation procedure developed for the speciation
of Mn in workroom aerosols was applied for selected aerosol filters. Blood and urine samples were analysed for

Mn. The geometric mean (GM) concentrations of inhalable (»

265) and respirable (n = 167) Mn determined

in all filters were 254 pg m ™" and 28 pg m * respectively. Only 10.6% (95% CI 8.9-12.5) respirable Mn was
found in the inhalable fraction when inhalable and respirable samples collected in parallel were considered

(n = 153 pairs). There was a high corrclation (Pearson’s r = 0.70: p < 0.001) between respirable and inhalable
Mn. The largest amounts of Mn in the inhalable aerosol fraction were found as Mn" and Mn™ " (47.4%).
whereas 284 was practically “insoluble”. The associations between B-Mn and aerosol concentrations of Mn
were weak. but an association was tound between U Mn and respirable Mn; Pearson’s r being .38 between
“soluble™ respirable Mn and U-Mn. No significant association was found between the “insoluble™ components

(probably SiMn) and Mn 1n biological samples.

Introduction

Manganese (Mn) compounds are well known neurotoxic
substances which may cause manganism, a severe neurological
disorder characterized by disturbances of movements."”
Occupational cxposure to Mn may also mduce impotency
and behavioural symptoms such as hallucinations, bizarre
behaviours and cognitive deficits.™ Manganese has several
important functions in human physiology.*

The widespread industrial use of Mn has drawn attention to
its potential of causing severe neurological disease. Occupa-
tional exposure oceurs during mining and crushing/milling of
Mn ores and 1n the production of ferromanganese (FeMn) and
silicomanganese (SiMn). The most important application ol
Mn 1s 1n the steel industry. Steel workers and welders are large
groups of workers at risk of exposure. Other uses include for
example Mn in dry cell batteries. in Mn-containing chemicals.
and in non-ferrous alloys with aluminium.” The use of the
Mn-containing anti-knocking agent methylcyclopentadienyl-
mangancse tricarbonyl (MMT) as a fuel additive has received
much attention in recent years.

Workers are exposed to different Mn species in the above-
mentioned situations. Particle size distribution and solubility
also vary considerably, Water soluble MnCl> has mainly been
used to gain toxicokinetic knowledge of Mn, whereas less
soluble oxides and alloys are the most abundant forms of
Mn occuring in the industry. Differences between the two
compounds 1n the distribution pattern were shown in rats
which were administered ecither MnCl, or Mn;O,4 intra-
tracheally.® The uptake of Mn was faster and the peak
concentrations in blood were higher after the administration of
MnCls than Mn:O,4 or MnO-.%7 The concentration of Mn in
the cerebral target ussue striatum appears also to be higher
after the mstillation of MnCl, compared to an equal amount
ol MnO-. Smilarily. particle size distributions vary across
industries. Welders. for instance. are exposed to relatively
more Mn 1n the respirable aerosol fraction than Mn miners.
who are exposed to coarser particles. Manganese may occur in
all oxidation states between Mn'z and Mn’ . of which Mn™"
1s chemucally the most stable.® The specific surface of MnO-
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particles may be important. at least in respect to the
inflammatory response of the lungs in muce” Differences in
solubility., chemical composition. particle sizes and specific
surfaces have received little attention n the Iiterature. but are
important in risk assessment.

Little information is available on the association between
work room air exposure 1o Mn assessed by personal sampling
and the concentration of Mn in urine (U-Mn) or blood (B-Mn).
No association on an individual basis was found between the
concentration of Mn in the work room air and the individual
concentrations of B-Mn or U-Mn m Mn oxide and salt
producing workers or dry alkaline battery workers, !
Exposure studies in Mn alloy-producing plants have. however.
suggested an association between cumulative exposure and
B-Mn."" air levels of Mn and B-Mn."? and airborne Mn and
B-Mn and U-Mn respectively, '

This work 1s part of a larger epidemiological study of the
potential health effects related to Mn exposure in Norwegian
Mn alloy-producing plants. In general. Mn-alloy producing
plants may be divided into producers of FeMn only. SiMn
only. or producers of both alloys. Several Mn compounds
occur during different stages of Mn alloy production. such as
oxides. Mn metal. and Mn-allovs.” This study aims 1o describe
the exposure with respect to Mn in the respirable and inhalable
aerosol fractions. Further. for the first time the chemical
solubility of Mn compounds in the work room air collected as
personal samples was assessed, and rclated to the individual
concentrations of B-Mn and U-Mn.

Material and methods
Manganese alloy-producing plants

The three studied plants i Norway producing FeMn and/or
SiMn employ approximately 700 workers. Two of them
produce both FeMn and SiMn while the third produces
SiMn only. The two FeMn producing plants also refine the
FeMn with oxygen. In FeMn production, the charge consists of
manganese lump ore. iron ore. coal and coke as reductants and
limestone as a flux. The slag formed during FeMn production 15
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reused tor producing SiMun. where 1t 1s smelted with quartzte
using coke and coal as the reducing agents and dolomite as a
flux. The alloys are produced by heating the raw materials
together in a furnace at temperaturcs {rom 500 to 1500 C.
Electricity is used to provide the required heat.®

Study design and subjects

The data for biological and environmental monitoring reported
in this paper were collected for the characterization of ongoing
exposure as background data for an epidemiological study in
the Norwegian Mn alloy producing industry. Only men who
had been exposed to Mn for at least one year in a contaminated
area of the Mn alloy-producing plants under study were eligible
for inclusion in that cross-sectional study. The study included
100 Mn-exposed subjects. which were randomly selected
among all employees in the production and maintenance in
the three plants under scrutiny. As 10 subjects declined
participation in the study, 110 subjects were invited (participa-
tion rate 90.9%). A corresponding number of age matched
referents were selected from one plant producing silicon metal
and one plant producing titanium dioxide and pig iron.

All clinical examinations. including a structured Interview,
blood and urine sampling were carried out at the local
occupattonal health clinics. Some background characteristics
are shown i Table 1. Informed written consent was obtained
from all participants. The study protocol was approved by the
Jocal ethical commiitee for medical research.

Air sampling strategy

The ongoing individual exposure of each worker to airborne
Mn was characterised by personal full shift sampling. The
sampling period was three days closely before and/or after the
day of the blood and urine sample collection. Parallel sampling
of inhalable and respirable acrosol fractions was carried out at
twa ol the plants. At the third plant. inhalable samphng was
carried out on the whole participating group. while a reduced
number of parallel respirable samples were collected. Limited
sampling of inhalable aerosol in the two reference plants was
carried out n order to verify that the exposure to Mn was
negligible. One reference plant produces silicon metal. whercas
the other is @ major producer of titanium dioxide/pig iron. The
inhalable fraction is the mass fraction of total airborne aerosol
that may be inhaled through the nose and mouth. The
respirable fraction 1s the mass fraction ol mhaled particles
penctrating to the alveolar rcgion.li

Air sampling

The inhalable aerosol fraction was collected with IOM personal
imhalable aerosol samplers (SKC Inc.. Pennsylvania, USA).
The respirable aerosol fraction was collected using Casella
cyclones (Casella. London, England). The air flows through the
filters were 2 and 2.2 1 min~ ' respectively. The filters used were
membrane 0.8 pum  cellulose ester type (AAWPO2500 or

Table 1 Background data for 100 men exposed to Mn 1n manganese
alloy plants

Mean Prevalence Range
Age (yeuars) 44.2 27.6 61.9
Years exposed to Mn 20.2 - 2.1-41.0
Current smokers (%) - 30
Shift workers (Vo) 42 -
Maintenance workers (V) — 32
Production workers (%o) - 68 —
-Raw Material Department 25
-Furnace House 33
-Lnd Product Department 7
-Others 3

AAWP03700. Millipore Corp.. Bedford. MA. USA). Pulsation
free sampling pumps PS-101. developed and produced at
National Institute of Occupational Health (NIOH. Oslo,
Norway). were used. An in-house calibrated rotameter (type
V100-80.12, Vogtlin, Basel, Switzerland) was used to measure
the flow rate of cach pump at the beginning and at the end of
the sampling period as a quality control measure.

Chemical speciation/sequential extraction and measurements of
total Mn in air filters

A novel four-step chemical fractionation procedure developed
to characterise workroom aerosols in Mn alloy-producing
plants was applied for the speciation of Mn in 4 sclection of
the collected air filters.!® The following components were
quantified;

Components 1: "Water soluble” Mn dissolved in 0.01 M
ammonium acetate.

Components 2: Mn” and Mn"~ dissolved in 25% acetic acid
(Mn metal. FeMn, MnO and the Mn"" part of the mixed oxide
Mll_204).

Components 3 Mn'" and Mn'" dissolved in 0.5%
hydroxylamine hydrochloride mn 25% acetic acid. (The non-
dissolved Mn'~ part of Mn:04. Mn-O; and MnO-.)

Components 4: "Insoluble” Mn digested 1n aqua regia/
hvdrofluoric acid (SiMn).

Components 4 were only soluble in strong acids in the
presence of hyvdrofluoric acid and were therefore defined as
“insoluble™ in this study. The other three components were
more easily chemically soluble. and Components 1 + 2 + 3
werce therefore defined as “soluble™.

Air filters for bulk elemental measurements were dissolved in
a mixture of aqua regia/hydro-fluoric acid in Teflon autoclaves
with microwave-assisted digestion. A Perkin-Elmer Optima
Model 3000 inductively coupled plasma atomic emission
spectrometer (Perkin-Elmer. Nor-walk. CT. USA) was used
for all measurements.

In house. commercially available, reference filter matenal
simulating workroom air concentrations al occupational
exposure limit values for Mn (batches A-2 and B-2) and a
mixture with identical weight ratios of FeMn. MnO. MnO-.
Mn-O;, Mn;0,4 and SiMn were used to monitor the accuracy
and reproducibility of the measurements throughout the study.
The measured values for total Mn were in excellent agreement
with the certified value (<£2%) and the day-to-day variaton
was < 1.5%,.'°

During the fractionation and instrumental mcasurement
period, a total of 18 sub-samples of the quality control mixture
were analysed. The recoveries of Mn in % + SD for
Components 1, Components 2. Components 3 and Com-
ponents 4 were 107 = 4,92 + 4, 107 + 5 and 94 + 2
respectively. '

Measurements of trace elements in urine and whole blood

The subjects were instructed to bring a first-voided morning
urine from the day of the chnical examinations in 25 ml
NUNC" containers (Nalge Nunc¢ International. Denmark).
The samples were voided at home. The containers were put into
transport containers and finally into small closed plastic bags
to avoid contamination. As the urines were voided at home, no
contact was possible between the working clothes and the urine
samples. The urine samples were stored at =20 C n
refrigerators at the respective occupational health climes
until transport to NIOH for analysis.

Heparinized whole blood was collected between 08.00 and
09.00 on the same day with 10 m] Venoject® (Terumo Corp..
Belgium) tubes from the cubital vein. The samples were stored
at 20 C until analysis. The Mn contammation from the
sampling equipment used throughout the study was tested by
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drawing a 0.3% nitric acid aqueous solution into 5 randomly
selected blood tubes with needles or filling the NUNC
containers completely with the leaching solution. After keeping
the tubes/containers at room temperature for 24 h. Mn concen-
trations were measured in the leachates to be 0.5 +0.2 (blood)
and <0.02 (urine) pg L . respectively. These concentrations
were not considered to contribute to the analytical results and
thus no corrections have been made to the reported Mn
concentrations.

Manganese (U-Mn) in urine

U-Mn was measured after dilution to 1:1 with 0.5% nitric
acid by electrothermal atomic absorption spectrophotometry
(EAAS) using a Perkin-Elmer SIMAA 6000 system calibrated
with urine-matched standard solutions.

Manganese (B-Mn) and lead (B-Pb) in whole blood

For the measurement of B-Mn and B-Pb. 2.5 ml of ultrapure
63% nitric acid was added to 2 ml of whole blood n a
polypropylene digesuon tube. The tube was heated to 95 "C
for 1 h and after cooling the sample was diluted to volume
(13.7 ml). The solution was analysed simultaneously for Mn

and Pb by EAAS (Perkin-Elmer SIMAA 6000).

Accuracy and reproducibility of trace element measurements

Accuracy and reproducibility were assessed using Seronorm
human urine (batch 4043125) and whole blood (batches 404107
and 404108) reference matertals (Sero Ltd. Asker. Norway).
U-Mn and B-Mn were measured in these materials with a
day-to-day variation of 6.5%. 3.5% (in 404107) and 5.0% (in
404108) respectively. The results agreed well with the values
recommended by the producer: U-Mn: recommended 13 g 1 g
measured 10.8 (SD 0.7) pg 1 ' (N = 15 B-Mn in 404107
recommended 9 pg | ' measured 8.2 (SD 0.3) ngl YNV =21y
B-Mn in 40410§; recommended 13 pg 1 ' measured 12.0 (SD
0.6) pg 1 ' (N = 22). The reference materials results for B-Pb
was also acceptable showing typically day-to-day variations
< 7% and accuracies within = 10%.

Statistics

Most of the measured vartables reported had skewed distribu-
tion by visual mspection. The variables were log-transformed

if the skewness exceeded 2.0, in order to allow the use of

parametric statistical analysis. Analysis of variance was used
for group comparisons of continuous variables. [f more than
two groups were compared. the least square difference was
calculated post hoe in order to separate the groups that diftered.
Correlations between independent variables were assessed with
Pearson’s least square regression analysis, yielding Pearson’s
correlation coefficients. The level of statistical significance was
set two-tailed at p < 0.05. The statistical package SPSS*.
version 8.0, was used for statistical calculations.

Results

Table 2 shows the concentrations of Mn 1n the inhalable and
the respirable acrosol fractions measured m all collected
personal air filters. The geometric mean (GM) concentration
of inhalable Mn (254 pg m *) was approximately 10-fold
higher than the GM concentration of respirable Mn (28 pgm ),
IFor comparison. a GM of 4 g Mn m 1(95% C13 500 = 58)
i the mnhalable acrosol traction was found in the reference
plants. The speciation of Mn in the inhalable and respirable
aerosol fractions by chemical leaching showed that little Mn
was present as “water soluble”™ Components 1. The highest
amounts of Mn were found as Components 2 for both the
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Table 2 Concentrations (in pg m ) of Mn in the inhalable and
respirable acrosol fractions measured in personal samples. The
concentrations (g Mn m ) of the chemically speciated samples are
also presented. All available filters are considered

Percentile

AMY  GM"  Mm Max 25

(¢

e
-~
o

Inhalable 769 254 7 27200 91 245 624
(n = 269)

Respirable 64 28 I 1011 10 29 68
(n = 167)

Chemical leaching of inhalable Mn (n = 199):

Components | 26 14 | 350 6 15 30

Components 2 367 113 4 14000 39 113 306

Components 3 216 31 < 0.3 9360 9 29 1M

Components 4 183 49 0.3 s990 17 51 122

all 791 258 10 27200 93 249 632

Chemical leaching of respirable Mn (n = 150)

Components 1 3 2 < (.3 21 ] 3 4

Components 2 33 13 <0.3 693 3 i4 13

Components 3 12 2 <{.3 201 [ 2 ¥

Components 4 11 4 <(0.5 126 2 4 o

All 60 26 1 1011 9 28 67

. . ,
“AM: arithmetic mean. "GM: geometric mean.

Table 3 The proportions of Mn in the respirable aerosol fraction
related to Mn in the inhalable aerosol fraction among workers in
different departments or groups of workers. All inhalable and
respirable samples collected in parallel (1 = 153 pairs) were considered

v GM“ (%) 98 C1”
All samples 133 10.6 8.9-12.5
Raw Material Department 42 8.8 6.0-12.9
Furnace House/smelting operations 43 14.3 10.8-18.9
-Furnace workers 14 15.6 11.5-21.3
-Crane operators 9 291 27.5-55.3
Manufactured Product Department 11 7.4 38-14.5.
Mechanices/electrictans 43 11.5 8.4-15.7

P [ < - .
‘GM: geometric mean. "95%. Cl: 953, confidence interval.

respirable and the inhalable aerosol fractions, followed by the
“msoluble™ Components 4.

Table 2 shows that the proportions of Mn in the respirable
aerosol fraction related to Mn in the inhalable aerosol fraction
arc quite similar among workers in different departments or
groups of workers. However, workers in the furnace house
had on average somewhat higher proportions of respirable
manganesc. which was mainly related to the substantally
higher proportion among the crane operators (39.1%). A
proportion of 10.6%% was calculated when all inhalable and
respirable samples collected in parallel (n = 153 pairs) were
considered. The Pearson’s correlation coetficient (r = 0.70:
p < 0.001. n = 153) calculated between the concentration of
Mn 1n the respirable fraction and m the inhalable aerosol
fraction was high (Fig. 1).

Inhalable air samples were collected from 71 workers on
three different days. The vartability of exposure between days
was studied for these subjects by caleulating the coetficient ot
variation (CV) for cach individual. The mean CV was 62.3%,
(95% CI 53.4-71.2). Similarly a CV of 66.8% (95% CI 52.4
81.3) was obtained for personal respirable samples which were
collected from 49 subjects on three different days. Data sets of
both respirable and inhalable samples collected on three
different days were available for 38 workers. The mean CV for
the measured concentrations of airborne Mn was 69.0% (95%
CI 55.8 82.1) and 72.3%4 (95%, CI 55.6 88.9) for the inhalablc
fraction and the respirable aerosol fraction respectively. The
GM concentrations of Mn in the inhalable acrosol fraction
were quite similar for the three days of air sample collection for
the 71 workers with complete data sets (day 1: GM 267 pgm -



via | 2Cvo00vevo

_
)
E -
[=2]
£ : .
= B M . ¢
o MY Lt .
s 5 avete e, e
.

) R DI RN
-1 R T AP
© AR .
.= . .:0 v’o‘.’ .. .
a . DR I .
@» 001 et e A .
&) . Vs e

1 e

- - .
.
. . .

.

0.0001
C 01 1 10 100

Inhalable Mn (mg/m3)

Fig. I The association between Mn 1n the respirable and the inhalable
aerosol fractions (n = 133: Pearson's r = 0.70: p < 0.001).

9394, C1 191-374; day 2: GM 250 pg m ™, 95% CI 178 352: day
3 GM 263 pg m *. 95% Cl 188 368). The corresponding
concentrations of respirable Mn measured for the 49 workers
with complete data sets showed greater variations: day 1. GM
27 ug m~. 95% C1 18 39: day 22 GM 2] pg m F95% Cl
14-32: day 3: GM 33 pg m *.95% C1 23 47.

Table 4 shows the percentages of Mn present as different
components according to the chemical leaching in relation to
the total concentrations of Mn found in the air filters. Overall.
a GM ol 8.2% of Mn found in the inhalable acrosol fraction
“water soluble™  (Components 1), and  28.0%.

WS wads

pracucally “msoluble™ (Components 4). The percentage of

“msoluble”™ Mn (Components 4) was substantially higher
in the plant producing only SiMn (48.1%) than m the two
plants producmg both FeMn and SiMn (17.9%) (p < 0.001).
Manganese in the respirable aerosol fraction was somewhat
more soluble. and a lower percentage of Mn was found as
“insoluble’ Components 4 compared to the inhalable acrosol
{raction.

Manganese Components 1-4 measured in the respirable
aerosol fraction were compared to the same Mn components of
the inhalable aerosol fraction in filters which had been sampled
in parallel (n = 138 pairs of filters). A GM of 19.0% (95% CI
16.1-22.4) of Mn in Components ! in the inhalable acrosol
fraction was respirable. Correspondingly. the figures for
Components 2. 3. and 4 were respectively: GM 12.5%: (93¢
Cl 10,3 15.0). GM 9.5% (95% Cl 7.6 12.0), and GM 5.3".
(95% C1 4.2-6.7) (not tabulated).

The concentrations of B-Mn. U-Mn and B-Pb were
statistically significantly higher in the Mn-exposed workers
compared to the referents (Table 5). The available air
concentrations for each individual were used to calculate an
average inhalable “"manganese exposure dose™ at the time of
the examinations. The results are shown in Table 5. These
individual dose estimates were further used to assess associa-
tions between the concentrations of Mn 1 biological samples
and the concentrations of Mn in the work room air.

Table 6 shows the Pearson’s correlation coefficients between
the individual “manganese exposure dose™ m the inhalable and
respirable aerosol fractions and the concentrations of U-Mn
and B-Mn respectively. There were no statistically significant
associations between B-Mn and the total concentrations of Mn
in the inhalable aerosol fraction, nor any of the components
of the inhalable aerosol, based on the measurements of the
chemical leaching. The correlation coefficients were some-
what higher when the associations to U-Mn were assessed.
Statistically significantly weak associations were observed
between U-Mn and respectively. total and “soluble™ Mn in
the inhalable aerosol fracuons. Generally. higher correlution
coefficients were calculated between Mn in the respirable
acrosol fraction and the biological indices of exposure (Fig. 21,
The best fit was tfound for the association between U-Mn and
Components 3 1 the respirable aerosol fraction (Pearson's
o= 048: p <0.001) . It is noteworthy that the association
between chemically “insoluble™ Mu (Components 4) in the
respirable aerosol fraction and U-Mn did not attain statistical
significance.

Table 4 The proportions of the different components of Mn (%) according to chemical leaching of the inhalable and the respirable aerosol fractions.

refated (0 all Mn measured in these (ractions

Components |

Components 2

Components 3 Components 4

AMY 95% Cl AM 93% CI AM 95V Cl AM 95% Cl

Inhalable Mn

Al (= 199) 8.2 7.1-9.2 47.4 45.3--49.5 16.4 145 18.3 28.0

SiMn‘ (n = 67) 5.0 3.3.0.6 37.9 33.7-42.1 9.0 7.7 104 481

SiMn/FeMn* (1 = 132} 9.8 83111 522 50.3-54.2 2001 17.6 22.6 17.9

Respirable Mn

All (7 — 130 10.8 9.6- 121 537 51.0-56.4 12.1 10.5 136 234 20.3-26.5
SiMn (1 = 73) 11.2 9.5 129 47.2 43.2-51.1 9.3 S110s 23 28.2-36.4
SiMn/FeMn (n = 77) 10.3 8.8-12.3 59.8 56.7 63.0 14.6 119174 15.0 11.2-187
“AM: arithmetic mean. “All = all available filters. ‘SiMn = all available filters from the plant producing only SiMn. “SiMn/FeMn = all

available filters from plants producing SiMn and FFeMn.

Table 5 Air concentrations of Mn and concentrations of elements in whole blood (B) and urine (U) in 100 manganese alloy production workers

exposed 1o Mn and 100 referents

Exposed Referents
P

AM GM” Min Max AM GM Min Max
B-Mn/nmol | 189 181 84 426 166 160 72 374 0.002
U-Mn /nmol mmol (ery ' 39 09 0.1 126.3 0.9 04 0.1 13.1 <0.001
B-Pb/umol I * 0.20 16 0.01 1.27 0.15 0.12 0.01 0.38 (.001
M patapd/ g m 753 301 9 11457 _ .
M egpirabie Mg M) 6 36 3 356 — —
‘\1nm]mluhlc/snlublc//“g m 570 197 9 9001 - -
Ml pirablersolublel HE m 49 25 2 320 -

“AM: arithmetic mean. "GM: geometric mean. ‘n = 39. “n = 97. “n

= 53./Soluble: Components 1 + 2 + 3. “cr.:

creatinine
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I'able 6 The associations (Pearsen’s 1) between M in biological fluids
(urine and whole blood) and different components of Mn in the
inhalable and respirable aerosol fractions

N B-Mn U-Mn (log)

Inhalable Mn:
Components 1 (log) 97  0.12 0.09
Components 2 (log) 97  0.09 0.22¢
Components 3 (log) 97 0.09 0.20
Components 4 (log) 97 0.01 0.17
All components (log) 100 015 (0.23¢
“Soluble”™ Components (1 + 2 = 3 (log) 97 0.09 021
Respirable Mn:
Components 1 (log) 52 0.22 0.26
Components 2 (log) AR 0.24 0.35¢
Components 3 (log) 530027 0.48°
Components 4 (log) 530022 0.24
All components (log) 59 0.24 0.34"
“Soluble™ Components (1 + 2 + 3) (log) 53 025 0.38"
o< 005 7p < 0.01p < 0.001

To further clucidate the associations between air and

biological measures of exposure, the exposed subjects with
“high™ concentrations of B-Mn or U-Mn were compared with
the exposed subjects with “low™ concentrations of B-Mn or
U-Mn (Table 7). Subjects with ~“high™ B-Mn had higher B-Pb.
and subjects with “high™ U-Mn had higher air exposure
measures than those with “low™ B-Mn or U-Mn.

Discussion

The study describes some characteristics of exposure to Mn n
Mn alloy producing plants. and associations between Mn in the

work room air and Mn measured in biological samples of

exposed workers, Acknowledging that exposure to Mn in this
industry 1s & complex issue. a selection of the air filters which
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Fig. 2 The association between U-Mn and Mn found in “soluble™
components (1 + 2 + 3) of the respirable aerosol fraction (n = 53;
Pearson’s r = 0.38; p <0.01).

had been collected, were objects of a aovel chemical leaching
procedure for the characterisation of the collected Mn-
containing acrosols.'®

The GM concentration of Mn in the inhalable aerosol
fraction of the exposed workers was 301 pg m~*. of which
10.6% was found in the respirable aerosol fraction. This
suggests that a low percentage of the inhaled Mn-amount
penetrates into the deeper parts of their lungs. Thus, most of
the Mn may end up in the gastrointestinal tract. where even
the water soluble MnCls is taken up to a limited extent.'”
Mn-containing particles from the work room air of Mn ailoy-
producing plants are likely to be less soluble than MnCls, and
lower gastrointestinal uptake of MnO- compared to MnCl,
has been shown.”

Surprisingly few studies have focused on the important issue
of particle size distribution of work room air particulates in
the Mn-alloy producing industry. One study. however using
stationary parallel sampling. reported a share of Mn in the
respirable acrosol fraction comparable to our results. ' The few
other studies have reported that 40 60% of the Mn is found in
the respirable aerosol fraction.'>' or a ratio from 2.0 to 2.8
between total particulate Mn and Mn in the respirable aerosol
fraction.'* These latter studies used air samplers for the
collection of “total™ aerosol. Such samplers underestimate the
inhalable acrosol fraction to a large extent. often with a factor
of 2 3 for coarse dust (extrathoracic). It could therefore be that
the “total™ Mn exposure measured in those studies is much
lower than if the “inhalable fraction” had been assessed.'”
resulting in a higher percentage of respirable Mn in relation to
the “total” dust. Knowledge of the particle size distribution
is fundamental for appropriate risk assessment. in particular
for Mn because of the low gastrointestinal uptake. and also
because of the local effects on the lungs. As the estimates of
the magnitude of the respirable aerosol fraction are quite
diverging, 1t 1s of mmportance to obtain more information
about the distribution of health-related aerosel fractions n
this industry

The exposure to Mn varied substantially between days: the
mean CV's for Mn in the inhalable and respirable aerosol
fractions being between 60 and 70%. Air samples should
therefore be collected over several days in order to establish
reliable individual estimates of ongoing exposure 1n this
industry. It 1s noteworthy that the 49 workers where respirable
samples were collected on three days on average had nearly
60% higher exposure to Mn in the respirable aerosol fraction
on day 3 compared to day 2. This knowledge also calls tor
caution when calculating socalled cumulative exposure esu-
mates in epidemiological resecarch. We have not found any
other reports on the variability of mdividual exposure to Mn
in this industry.

Some results from the chemical leaching applied to speciate
Mn deserve attention. Only 8.2% of the amount of Mn
found in the inhalable aerosol fraction was “water soluble™
(Components 1). and 28.0% was practically “insoluble™

Table 7 Exposure-related parameters in exposed workers stratified into “high™ and “low™ according to the concentration of B-Mn and U-Mn.
Cut-points; B-Mn: arithmetic mean + 28D among the referents (261 nmol |

P-values < 0.20 between “high™ and “low™ are shown

Y. U-Mn: 95th percentile among the referents (4.19 nmol mmol (cr) ).

B-Mn U-Mn

“High™ (n = 11 “Low™ (n = 89 “High™ (n = 13) “Low™ (n = 8%
Years exposed 21.8 19.8 20.3 20.0
Inhalable Mn/pg m™ 351 296 537 2720 -
Inhalable Mnggpid/ig m 201 197 325 18y~ ¢
Respirable Mn/pg m 49 35 3 = 00
Respirable Mngoume/ng m ™" 35 24 57 2 7 DO
B-Pb/pumot 1 0.23 0167 — 008 0.16 0.16
U-Hg/nmol mmol (cr.) ! 1.0 1.0 0.9 1.1
Current smoking/g week ! 36 41 44 40
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(Components 4). i.e. soluble only in a mixture of aqua regra/
hvdrofluoric acid or hydrofluoric/nitric acids. We assume that
the bioavailability of Components 4 1s low. The plant
producing only SiMn had a substantially higher percentage
of Components 4 than the plants producing both FeMn and
SiMn in the inhalable aerosol fraction (48.1% vs. 17.9%).
Experimental data suggest that SiMn is the main Mn species
in the “insoluble” Components 4.' An implication of this
result could be that the production of SiMn may result in
relatively lower exposure to more easily bioavailable other
Mn-compounds. This point has received no attention in the
iiterature. but could have practical consequences for the Mn
allov producing industry. Tt is likely that plants producing only
SiMn have a higher share of SiMn in their work environment
than producers of both alloys as two of the plants in this study.
[t is known from the literature that exposure of rats to water
soluble Mn compounds (MnSO,. MnCl-) results in higher
concentrations of Mn in the critical area of effect in the brain.
striatum, than exposurc to the less soluble Mn;Oy4 or MnO,."*
The pulmonary and gastrointestinal uptake ol SiMn and
resulting brain concentrations should be studied. because a
potenually low uptake of SiMn may have important implica-
tions for risk assessment in this industry. Exposure to Mn in
the ltalian Mn alloy-producing industry has been stated to
consist of around 93% Mn oxides or MnO- and Mn;0,. """
Our results do not support this conclusion. and exposures n
Mn alloy-producing plants appear to be more complex than
previously reported. The highest concentration of Mn was
found in Components 2. suggesting Mn metal. FeMn, MnO.
and Mn®’ from Mn;0, to be the most abundant Mn specics.

The concentration of B-Mn was about 15% higher, and
U-Mn about twice as high in the exposed group compared to
the referents. The concentration differences between exposed
and referents are lower than in other studies of Mn-exposed
workers!" RS2 ey one™ exception. This could indicate
thut the exposure to bioavailable Mn is comparatively low
in this group of workers. The interpretation of B-Mn may
be difficult. because “normal” concentrations m unexposed
referents appear to differ quite substantially across the aboved
mentioned studies, ie. from mean 3.7 pg | HO13 0 mean

233 pg 123 (103 nmol I ' 1o 419 nmol 1 '), In studies of
healthy [talians or Americans. mean B-Mn concentrations of

$8pg !l ' (158 nmol 1"y and 10.9 ug 1" (198 nmol | ') were
reported. ™" It should be further elucidated if these large
differences in B-Mn concentrations are related to samphng
or measurement crrors. or really reflect regional differences.
Without further knowledge on this subject. the use of B-Mn in
the assessment of Mn toxicity should in our opinion be made
with caution.

B-Mn in the exposed workers was not associated with the
individual concentrations of Mn in the inhalable aerosol
fraction, but a weak association with Mn in the respirable
aerosol fraction cannot be excluded. Two studies have reported
associations between Mn in “total” dust and B-Mn.'*"
whereas other studies have not confirmed an association.'™!!
The exposed workers i this study with the highest B-Mn did
not differ from the remaining exposed subjects with respect to
their current exposure to airborne Mn (Table 7). However.

their higher B-Pb can of course be a result of co-exposure of

Mn and Pb in these workers. Interestingly. several studies have
suggested associations between the concentration of B-Mn and
B-Pb in populations apparently not occupationally exposed to
Mn.*="% Increased protoporphyrin in erythrocytes induced
by lead exposure. resulting in increased uptake of Mn into
the erythrocytes. has been suggested as a mechanism for this
possible association.™

We tound weak associations between U-Mn and the indi-
vidual amounts of Mn in the inhalable acrosol fractions.
However. the correlation coefficients were substantially higher
when U-Mn was related to Mn i the respirable aerosol

fraction. The data also show a higher correlation between
U-Mn and “soluble™ respirable Mn (Components 1 + 2 — 3
than Mn 1 the respirable aerosol fraction (Components 1 +
+ 3 + 4). The amount of “insoluble™ Mn (Components 4)
was not statistically significantly associated with U-Mn. The
results could suggest that “soluble™ Mn 1 the respirable
aerosol fraction is the most appropriate predictor for exposure
to bioavailable Mn compounds in Mn alloy-producing plants.
and further that SiMn may be of less importance with respect
to the total Mn uptake. The few published studies on the
assoclation between U-Mn and Mn m the work room arr
have shown conflicung results. Apostoli er al.' reported a
statistically significant association between U-Mn and Mn in
the work room air on an individual basis in Mn alloys workers.
Studies of alkaline battery plant workers exposed to manganese
dioxide and workers from a Mn oxide and salt-producing plant
did not reveal an association '

In summary. only 10.6% respirable Mn was found in the
inhalable acrosol. A novel four-step chemical fractionation
procedure developed for the speciation of Mn in workroom
acrosols suggested that the largest amounts of Mn in the
inhalable aerosol fraction were found as Mn" and Mn™
(47.4%), whereas 28% was practically chemically “insoluble™
SiMn. The strongest association between air measures of
exposure and biological samples was found between U-Mn and
“soluble™ respirable Mn. This could suggest that the ~“soluble™
compounds in the respirable aerosol fraction may be the most
relevant with respect to uptake into the body. Whether SiMn
has a lower bioavailability and perhaps a lower potential for
inducing manganese related systemic health effects than the
other detected Mn compounds. remains to be elucidated.
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