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ABSTRACT

Quantifying exposure and dose to manganese (Mn) containing airborne particles in welding fume
presents many challenges. Common biological markers such as Mn in blood or Mn in urine have not
proven to be practical biomarkers even in studies where positive associations were observed. However,
hair Mn (MnH) as a biomarker has the advantage over blood and urine that it is less influenced by
short-term variability of Mn exposure levels because of its slow growth rate. The objective of this study
was to determine whether hair can be used as a biomarker for welders exposed to manganese. Hair sam-
ples (1 cm) were collected from 47 welding school students and individual air Mn (MnA) exposures
were measured for each subject. MnA levels for all days were estimated with a linear mixed model using
welding type as a predictor. A 30-day time-weighted average MnA (MnA, ) exposure level was calcu-
lated for each hair sample. The association between MnH and MnA, , levels was then assessed. A lin-
ear relationship was observed between log-transformed MnA_ , and log-transformed MnH. Doubling
MnA_, exposure levels yields a 20% (95% confidence interval: 11-29%) increase in MnH. The associa-
tion was similar for hair washed following two different wash procedures designed to remove external

contamination. Hair shows promise as a biomarker for inhaled Mn exposure given the presence of a

significant linear association between MnH and MnA_  levels.
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INTRODUCTION
Manganese (Mn) is a naturally occurring transition metal
(Agency for Toxic Substances and Disease Registry,
2012). It is most commonly used to harden steel, as a
pigment, in welding rods, and in dry cell batteries. In low
doses it is an essential nutrient and functions as a cofactor
in enzymes that are important in detoxification of reactive
oxygen species (United States Environmental Protection

biomarker of exposure; exposure assessment; exposure science; hair; manganese;

Agency, 2003). Above the estimated safe and adequate
daily dietary intake of Mn of 2-Smg day™ (Greger,
1998), inhaled Mn may induce a Parkinson-like neuro-
degenerative disease called manganism (Aschner and
Aschner, 2005). The mechanisms for this disease are not
yet fully understood, partly due to challenges associated
with quantifying exposure and dose to Mn-containing
airborne particles from sources such as welding fume.
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During welding, fume containing Mn is released
into the air, inhaled, and may be absorbed mostly
through the lung and to a lesser degree through the
gastrointestinal tract. Once absorbed, Mn may pass
through the blood and deposit in the brain and other
tissues (Aschner et al., 2007).

Welding fume exposure varies widely due to the
type of welding, the specific welding filler metal, and
the base metal composition. For instance, Mn expo-
sure from welding fume may vary from <10 pg m™ in
gas tungsten arc welding (GTAW) to >580 pg m~ in
flux core arc welding (FCAW) (Pesch et al.,, 2012).
In addition, exposure levels may vary widely due to
the welding environment, use of ventilation, and use
of respiratory protective equipment (Flynn and Susi,
2009; Liu, 2010; Hobson et al.,, 2011). For instance,
welders may work in open environments such as con-
struction sites, or in small confined spaces with poor
ventilation, especially in ship-building. The variabil-
ity of welding fume constituents and exposure makes
accurate estimation of welders’ exposures challenging.
Consequently, biomarkers that reflect exposure inte-
grated over time and multiple uptake routes are an
attractive alternative to traditional exposure monitor-
ing using personal air samples.

Typical biomarkers for Mn include its concentra-
tion in blood (or blood components) and in urine,
fluids which are relatively easily accessible and com-
monly collected. Studies have examined relationships
between ambient airborne concentrations of Mn
and the level of Mn in whole blood, red blood cells,
plasma, serum, and urine of exposed workers (Roels
et al., 1987, 1992; Jarvisalo et al., 1992; Apostoli et al.,
2000; Myers et al., 2003). Some of these studies found
associations between airborne particles containing
Mn and Mn in blood or urine (or both) at the group
level, but not at the individual subject level. A recent
meta-analysis showed these associations are in general
only observed at higher exposure levels above ~10 pg
m~ (Baker et al, 2014). However, even in studies
with positive associations, blood and urine have not
proven to be practical biomarkers due to little variabil-
ity in biomarker concentrations over a wide range of
air exposures (Smith et al,, 2007). In addition, asso-
ciations between Mn in blood or urine and inhaled
Mn at an individual level may be masked by dietary
intake, because the daily dietary intake of Mn is on
average higher than the daily airborne Mn intake of
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welders (Greger, 1998; Agency for Toxic Substances
and Disease Registry, 2012).

Hair as a moiety for biomarkers has the advantage
over blood and urine, because it is less influenced by
short-term variability of Mn exposure levels because
of its slow growth rate. Estimates for hair growth
rate range from 0.35 mm per day (~1cm per month)
(Tobin, 2005) to ~0.5S mm per day (~2 cm per month)
(Chamberlain and Dawber, 2003 ). Thus, hair levels of
a contaminant may be more representative of an inte-
grated average exposure.

However, a major problem with the use of hair is
its direct contamination from the external environ-
ment, which may be enhanced by electrical charge
and residual oil on the hair (Eastman et al., 2013). In
addition, individual exposure can influence the extent
of external hair contamination. Detergents used to
remove external contamination may also release Mn
from welding fume particles attached to the hair sur-
face. Different research groups have used different hair
washing procedures commonly using either a water-
based detergent (i.e. mixed with Triton X-100) or ace-
tone for washing, but only a few methods have been
thoroughly tested (Eastman et al, 2013; Wolowiec
et al. 2013) and an accepted standard method has
not been identified (Kempson and Henry, 2010;
Wolowiec et al., 2013).

The objective of this project was to determine the
relationship between quantitatively assessed exposure
to Mn in welding fume and Mn levels in scalp hair.

METHODS
The samples for this study were derived from a lon-
gitudinal inception cohort study of welding trainees;
details have been presented elsewhere (Baker et al,
2014). Briefly, we recruited 53 students enrolled in
a welding training program between April 2011 and
June 2013. Most students enter the program without
prior welding experience and then progress through a
S-quarter training schedule. They learn and practice
different welding techniques typically in the order:
oxyacetylene, shielded metal arc welding (SMAW),
FCAW encompassing both dual shield (DS) and
inner shield (IS), gas metal arc welding (GMAW), and
GTAW. We recruited students into the study during
the first week of their program or at study inception,
and followed them through the end of their enrollment
or until the end of the study. Participants were asked
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to provide blood and urine samples on the Monday
and Friday of the first and last week of each school
quarter and were monitored for exposure to welding
fume on the same days. At the end of each sampling
day, students completed a daily questionnaire to assess
their workplace and personal characteristics such as
smoking habits, respirator usage, and welding dura-
tion. At the beginning of the first quarter and at the
end of each quarter including the first quarter, subjects
were asked to give a scalp hair sample. All study pro-
tocols were reviewed and approved by the University
of Washington Institutional Review Board and study
subjects provided written informed consent.

Forty-seven subjects provided a total of 154 hair
samples in ~3-month intervals. Six subjects did not
submit hair samples, because they were bald or for
personal reasons. A hair sample bundle was cut from
the occipital region of the head with ceramic scissors
as close as possible to the scalp. The cut hair bundles
were attached with tape inside a new Ziploc bag for
storage and transport to the laboratory. In the labora-
tory hair bundles were cut into first and second cen-
timeter segments from the proximal end. The 1-cm
hair samples were electrically discharged (Mettler
Ionizer Antistatic System Model 11238-354) and
weighed with an analytical balance (Mettler Toledo
model AG28S; limit of quantification: 0.1 mg). Only
the first centimeter of the samples was used for this
analysis.

The first set of 56 hair samples was washed with a
solution of 0.5 ml 1% Triton X-100 mixed with 930 mg
EDTA in 50 ml ultrapure water. Hair samples were vor-
texed for 30 min and rinsed with ultra-distilled water
until hair samples demonstrated no residual detergent,
and were dried for 24h at room temperature (Triton
X-100, Vortex, Water; TVW procedure). When wash-
ing hair with TVW we noticed that due to static effects
occasionally hair strands were not suspended into the
washing solution and some hair stands were lost, even
though we increased the time to electrically discharge
the hair and test tubes. Thus further testing of alterna-
tive washing procedures was indicated.

In order to identify a washing procedure with less
static charge effects and adequately efficient wash-
ing, we evaluated four washing procedures to test
the effectiveness of detergent (acetone and Triton
X-100), mechanical agitation (vortex and sonication),
and rinse solvent (ultrapure water, acetone, or water
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followed by acetone). Details of the experiment and
results are provided in the Supplementary Data.

Briefly, a sample of human hair was obtained from a
local barbershop and collected into two bundles. One
bundle was put aside for an ‘uncontaminated’ hair,
and the other was exposed to high concentrations of
SMAW welding fume in the study training facility
by mechanically rotating the sample in the welding
plume for ~10min. The contaminated bundle was
subsequently divided and cut into samples for analysis
and weighed on an analytical balance (Mettler Toledo,
Model AG28S; limit of quantification: 0.1 mg). Five
contaminated samples were used for the positive
control, and triplicate samples of contaminated and
uncontaminated hair were prepared for each of four
wash procedures.

Washed hair samples were dried in a vacuum oven,
then digested with nitric acid using open vessel micro-
wave assisted digestion (Puchyr et al, 1998), and
analyzed following EPA method 6020a Rev.1, using
an Agilent 7500-CE ICP-MS (inductively coupled
plasma-mass spectrometry) operated in He collision
mode to eliminate polyatomic interferences (United
States Environmental Protection Agency, 1998).
Details of the quality control measures for the analytic
method are provided in the Supplementary Data.

We used ordinary least squares regression with
robust standard errors to determine whether the
washed contaminated hair was significantly cleaner
than the unwashed contaminated hair and analysis
of variance was used to test whether the four wash-
ing procedures differed from each other in residual
Mn content. Washing contaminated hair produced on
average 80% lower MnH levels than unwashed con-
taminated hair (P < 0.01). There was no significant dif-
ference between the MnH levels associated with the
four washing procedures (P = 0.239), and there were
substantially fewer problems with static charge when
washing hair with acetone. Thus the more efficient
acetone wash procedure was adopted for subsequent
samples (n=98).

Subsequent to the results of the hair washing evalu-
ation study, the second set of 98 hair samples was
washed and rinsed with acetone (Fischer scientific:
Optima A929-4 ultragrade and Alfa Aesar Acetone
HPLC Grade 99.5%). Hair samples were covered with
25ml of acetone, shaken for 15 s, and sonicated for
30 min. Acetone was removed and the procedure was


http://annhyg.oxfordjournals.org/lookup/suppl/doi:10.1093/annhyg/mev064/-/DC1
http://annhyg.oxfordjournals.org/lookup/suppl/doi:10.1093/annhyg/mev064/-/DC1

142 .

repeated. Samples were dried in a vacuum-drying oven
at ~80°C for ~1 h. All dried hair samples were prepared
for the analysis and analyzed as described above.

Throughout the study, welding students wore per-
sonal air sampling pumps during their work day on the
Monday and Friday of the first and last week of each
school quarter. For each student, on average 3.7£1.6
air samples were taken per quarter and 10.7+£35.5
throughout the study, respectively. Total particulate
matter was collected on 37 mm mixed cellulose ester
(MCE) filters in a closed face filter cassette connected
to a personal sampling pump and worn outside of the
welding helmet, which is not expected to introduce
an overall bias (Harris et al., 2005). Pumps were pre-
and post-calibrated to ~2 | per minute. At the end of
each sampling day, samples were transported to the
Environmental Health Laboratory at the University of
Washington for analysis. At least two field blank MCE
filters were collected on each sampling day.

Filters were analyzed for Mn by using ICP-MS based
on a modified EPA 6020a Rev.l procedure using an
Agilent 7500-CE ICP-MS operated in He collision
mode to eliminate polyatomic interferences (United
States Environmental Protection Agency, 1998).
Filters and deposited fume were digested with 10ml
of a 1:1 mixture of concentrated nitric acid and deion-
ized water, using open vessel microwave assisted diges-
tion (MarsXpress, CEM Corp., Matthews, NC, USA).
Quality control samples including field blank and spike
filters were included with each batch of field samples.
Assay accuracy and precision based on the spike recovery
samples were 103 +6%. Reporting limits for Mn ranged
from 0.01 to 0.02 pg depending on analysis-batch-
specific field blanks, and were based on three times the
standard deviation of the blanks, which were treated the
same as the samples in the field. Values below the report-
ing limit were replaced with the analytical-batch-specific
reporting limit divided by square root of two (Hornung
and Reed, 1990). MnA concentrations were calculated
using the mass of Mn determined and divided by the
volume of air sampled. The resulting air concentrations
were standardized to an 8-h time-weighted average.

Mn air concentrations were log-transformed to
normalize their distribution and used in a linear mixed
model to estimate daily Mn exposure levels by weld-
ing type (fixed effect), adjusted for individual subject
(random effect) (Stata Version 11, xtmixed, College
Park, TX, USA). The model estimates were then used
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to predict daily individual and welding-type-specific
Mn exposures as the maximum likelihood estimate of
the arithmetic mean, using the within-subject variance.
The estimated exposure level was then assigned for each
subject-day depending on the subjects’ welding activity,
attendance, and duration of welding activity, as reported
by the welding school and the individual. For each hair
sample, a 30-day time-weighted average Mn exposure
was calculated for the 30 days prior to the sample collec-
tion date using the individual’s daily estimated exposures.

Each subject was classified as a consistent respi-
rator user or nonuser based on whether they self-
reported respirator use for more than 90% of welding
days. Although crude and stringent, this classification
was designed to address the lack of systematic respira-
tory protection fit testing, and the inconsistent report-
ing of respiratory protective equipment observed at
the location.

MnH and predicted MnA,  concentrations were
log-transformed to normalize their distributions and
used in a multivariate linear mixed model to estimate the
effects of predictors on log MnH levels. In addition to
the log-transformed MnA, , which was forced into all
models, age, body weight, gender, race, ethnicity, smok-
ing status, pack-years, self-reported drinking status (yes/
no), respirator user (yes/no), time in welding program,
and washing procedure were tested for contributions to
the model using the Akaike information criterion (AIC).
We also evaluated the interaction between log-trans-
formed MnA, , and washing procedure to determine
whether differences in the washing procedure modi-
fied the effect of exposure. The model also estimated
the between- and within-subject variance components.
Analysis was conducted using the R3.1.1 (32-bit) plat-
form with the Ime-function from the nlme-package
(version: nlme_3.1-117). The resulting coefficients and
95% confidence intervals were exponentiated to the base
2 in order to determine the percentage increase of MnH
levels for doubling the exposure (MnAw V-

RESULTS
The demographic and exposure characteristics of the
welder trainees who provided hair samples are pre-
sented in Table 1. The forty-seven trainee welders had
amean age of 26.7 £ 9.1 years, ranging between 18 and
56 years. Seventy-five percent were white, 13% black,
and 4% each were Asian, American Indian, and other
or mixed race. The group offering hair samples was
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Table 1. Characteristics of welders who contributed hair samples.

Characteristic K (%) N mean * SD (range)
Age (years) >47 (100) 26.7+9.1 (18.0-56.4)
Body weight (kg) >47 (100) 83.8419.2 (56.7-156.5)
Male 43 (91.5)

Race
White 35 (74.5)

Black 6(12.8)
Asian 2(4.3)
American Indian 2(4.3)
Other 2(4.3)

Ethnicity
Non-Hispanic 43 (91.5)

Pack-years 2.8+6.0 (0-36)

Smoker
Never 20 (42.6)

Current 16 (34.0)
Past 11 (23.4)

Drinks alcohol 31 (66.0)

Time welding/day (min) 47 527 312.6+52.9 (66-405)

Respirator user 11(23.4)

MnA, , (ugm™) 47 154 13.1+10.2 (0.2-44.7)
Acetone wash only 33 98 13.8+10.2 (0.2-44.7)
Triton X wash only 27 56 11.9+10.1 (0.2-32.8)

Manganese concentration in hair (ug g™') 47 154 3.9+7.2(0.1-51.5)
Acetone wash only 33 98 52+8.6 (0.1-51.5)
Triton X wash only 27 56 1.7+2.1 (0.1-10.6)

K, number of subjects; N, number of samples.

similar to the entire apprentice cohort (n = 53) except
for race, because fewer hair samples were collected
from black subjects. Approximately 43% of subjects
who provided a hair sample never smoked and 34%
were current smokers.

Over the ~2-year study duration, we collected a total
of 600 personal MnA and 154 hair samples. Table 2
shows MnA exposure concentrations by type of weld-
ing. The highest mean concentration and variability

was found in FCAW-DS (40.7 pg m) followed by
SMAW (34.7 ug m™>). Lower levels were found among
oxyacetylene (5.2 ygm™), and GTAW (5.5 pgm™3).

Table 1 shows a summary of the predicted MnA, ,
air concentrations and the observed Mn in hair for the
47 subjects who provided 154 hair samples. The aver-
age hair sample mass was 12.1+7.3mg (range: 1.4-
47.6mg). Those with samples washed with acetone
only had slightly higher MnA concentrations, though
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the distributions were widely overlapping. MnH lev-
els were more widely separated, with the acetone wash
samples demonstrating a higher average concentra-
tion of Mn, and a wider distribution of concentrations.

Figure 1 shows measured MnH levels as a function
of predicted MnA, , air concentrations. A simple lin-
ear regression line and its 95% confidence interval are
overlaid. MnH levels increase with increasing MnA, |
levels.

Table 3 shows the results of the mixed model
analysis. The only variables included in the final
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model were the log-transformed Mn_ , exposure and
the wash method. Thirty-day MnA levels were sig-
nificantly associated with an increase in MnH, yield-
ing a 20% [95% confidence interval (CI): 11-29%]
increase in MnH with doubling of the MnA, , expo-
sure levels. More of the remaining variance is within
individuals (77.1%) than between subjects (22.9%).
When washing procedure was not included in the
model, the effect estimate increased to a 25% (95%
CI: 16-36%) increase in MnH for each doubling of
MnA, , levels.

Table 2. Eight-hour TWA measured air Mn concentration by welding type (ug m=).

Welding type N AM GM  GSD
All 600 290.1 16.5 34
Flux core arc welding-dual shield (FCAW-DS) 75 40.7 28.5 3.6
Flux core arc welding-inner shield (FCAW-IS) 32 34.5 23.6 3.0
Gas metal arc welding (GMAW) 62 28.6 21.0 2.3
Oxyacetylene (Oxy) 80 52 42 2.0
Shielded metal arc welding (SMAW) 315 34.7 22.8 3.0
Gas tungsten arc welding (GTAW) 36 5.5 4.0 2.3

N, number of samples; AM, arithmetic mean; GM, geometric mean; GSD, geometric standard deviation.

10.0

Hair manganese levels (ug/g)
5
1

0.1+

A Wash
o Acetone
A Triton X-100

10

30 day average air manganese exposures (pg/m3)

Figure 1

Relationship between 30-day average air Mn (MnA

) exposure and hair Mn (MnH) level.

30d
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Table 3. Determinants of MnH levels (log-log).
Fixed effects In MnH estimate (95% CI) SE P-value
Intercept 0.35 (-0.72 to —-0.01) 0.18 0.055
In MnA,_ 0.26 (0.16 to 0.37) 0.05 <0.001
Wash procedure* -1.06 (-1.47 to —0.65) 0.21 <0.001
Variance components

In MnH %

Within-subject variance 1.027 77.1
Between-subject variance 0.305 22.9
Total variance 1.332

*0: acetone washed, 1: Triton X-100 washed.

Although the results of our hair washing method
evaluation sub-study suggested that differences
between the washing procedures should not influence
MnH, the acetone washing procedure did yield higher
estimated MnH levels than detergent washing in the
model. However, the association between exposure
and MnH was unaffected by the different wash proce-
dure, as evidenced by a small and nonstatistically sig-
nificant interaction of the washing procedure on the
exposure related increase. The interaction produces
a doubling effect of 7.2% (95% CI: -7.9 to 24.8%,
P=0362).

The association between MnA, , and MnH did not
change with the inclusion of the variables age, body
weight, gender, race, ethnicity, smoking status, pack-
years, self-reported drinking status, respirator user, and
time in welding program. The P-values of these vari-
ables were not significant (P > 0.05) and the inclusion
of these variables did not substantially change the AIC.

DISCUSSION

In this study, welders with higher air exposure to Mn
in welding fume had higher Mn levels expressed in
scalp hair. These relationships remain significant and
consistent, despite using two different washing pro-
cedures to prepare the samples. These relationships
indicate that MnH may be a useful biomarker for Mn
exposure, even at the relatively low exposure levels
observed in this study.

The MnA concentrations of our study (Table 2) are
substantially lower than MnA concentrations found in

other studies. For example, an average SMAW MnA
concentration of 160+190 pg m™ was reported by
(Hobson et al., 2011) and 543 £ 1530 pg m~ by (Liu
et al., 2011) while our average was 34.7+32.2 ygm™.
Thus, the levels observed in this setting are useful for
evaluating hair as biomarker of Mn exposure in mod-
erately well controlled, or short duration occupational
exposures.

The MnA levels observed in this study exceed the
recently lowered current and very stringent American
Conference of Governmental Industrial Hygienists
(ACGIH) Threshold Limit Value (TLV) of 0.02mg
m™ for respirable Mn 52% of the time. The ACGIH
TLV of 0.1 mg m™* for inhalable Mn was exceeded 4%
of the time. None of the samples exceeded either the
National Institute for Occupational Safety and Health
(NIOSH) Recommended Exposure Limit (REL) of
1.0mg m™ or the prevailing Occupational Safety and
Health Administration (OSHA) regulatory standard
Permissible Exposure Limit (PEL) of Smg m™ as a
ceiling value.

MnH levels have been used previously as a bio-
marker for exposure in environmental and occu-
pational studies. MnH was used as a biomarker of
exposure in a comparison study of low and high Mn
water level exposures in rural Quebec where no other
source of Mn was known. MnH levels were signifi-
cantly higher in children who consumed water with
high Mn levels (Bouchard et al., 2007). Because the
source of Mn was drinking water, the hair samples
were not washed in this study, although the potential



146 .

for external contamination from bathing in the water
cannot be ruled out.

We investigated Mn levels in drinking water in
our study area, because MnH levels could be influ-
enced by Mn in water (Bouchard et al., 2007). In the
study region, Mn in drinking water is monitored and
removed with green sand filters by the local water util-
ity company. Manganese levels are measured daily and
are estimated to be on average 0.08+0.026 mg 1! pre-
and 0.01+0.0mg I"! post-treatment (personal com-
munication Thomas Malphrus, City of Renton). These
treated water levels are sufficiently low to have little
impact on the observed levels in our study. Further, in
order to have influenced our results, they would have
to have been associated with duration in the welding
program.

MnH in children’s hair was also used as biomarker
of Mn exposure downwind of a ferro-manganese
alloy production plant. Hair samples were prepared
similarly to our study and washed with a Triton X-100
solution. The authors reported an increase of MnH
with time of mother’s exposure before child birth and
a decrease of MnH with increasing distance to plant
(Menezes-Filho et al., 2011).

MnH has also been used in occupational settings
as a biomarker for air exposures. MnH was associ-
ated with MnA levels on a group level, but not on an
individual level in studies with manufacturing work-
ers in dry cell battery facilities (Bader et al, 1999).
Workplace MnA concentrations ranged from 1 to
~800 pg m™ in three different job sites with averages
of 4, 40, and 400 pg m™, and hair levels of 4.6+ 5.8,
5.2+4.5,and 8.2£6.7 ug g ', respectively.

There are a few studies available reporting a rela-
tionship between Mn exposure among welders and
Mn in hair (Xie et al., 1995; Ramakrishna et al., 1996;
Zhang et al., 1996; Lin, 2002; Huang and Cao, 2003).
However, each of these studies has important limita-
tions. All of these studies show higher MnH among
welders in comparison to unexposed controls, but
they lack a quantitative assessment of subject-specific
Mn exposure levels. In only one of these five papers
the washing procedure was described (Ramakrishna
et al, 1996). They followed the procedure of the
International Atomic Energy Agency (IAEA)
(International Atomic Energy Agency, 1985), which is
an acetone, a detergent, water, and acetone rinse pro-
cedure. The lack of exposure assessment and details of
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the hair washing procedures used makes it difficult to
evaluate the findings.

Additionally, two of the papers demonstrate a rela-
tionship with years of exposure as a welder, which
suggests a relationship with cumulative exposure,
rather than exposure occurring during the time period
expressed in the length of the hair sample (Xie ef al,
1995; Lin, 2002). Given the growth of hair of ~1-2 cm
per month, years of welding would only be associated
with MnH levels if it reflects a long-term reservoir of
Mn in other body tissues. Consequently, these papers
do not provide compelling evidence of a quantitative
relationship between exposure and MnH.

In contrast to the previous discussed welding stud-
ies, a significant strength of our study was the large
number of individual air exposure measurements, and
our ability to model these data to estimate individual
30-day MnA subject-specific exposures, the time win-
dow directly relevant to the hair samples collected. To
the best of our knowledge, no other Mn biomarker
study has had such a rich exposure dataset with which
to quantitatively estimate air exposures over an etio-
logically appropriate time scale. Furthermore, match-
ing the segment of hair to the integration period of
exposure as we have done is an important component
of biomarker evaluation, but heretofore has frequently
been overlooked.

The bioavailability of the manganese in airborne
exposures is of potential consequence to this analy-
sis, and is related to the particle size distribution
(PSD) of the metal fume. We measured the PSD of
fume in the training facility using a 10 stage Micro-
Ofrice Uniform Deposit Impactor. The mass median
aerodynamic diameters (MMADs) ranged from 0.88
to 1.25 pm, depending on welding type. Except for
GTAW, the average GSD ranged from 3.5 to 4. The
average GSD for GTAW was 6.21 (Warner, 2014).
While the MMADs are somewhat higher than those
observed in other studies (Taube, 2013), they indicate
primarily alveolar deposition, and potential uptake
through both pulmonary and gastrointestinal routes.

In this study, we found the majority of variability
in MnH to be within subjects as opposed to between
subjects, indicating substantial remaining variability
in the MnH measurement that was unaccounted for
by either individual differences in expression of Mn in
hair, or by our estimated exposure levels. Uncertainty
in both the quantification of MnH due to imprecision
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in cutting the first cm from the scalp, transfer of the
weighed sample of hair to the digestion tube, and
residual external contamination of the sample could
contribute to this error. In addition, our estimated
30-day air exposure for each subject contains error due
to inter-individual variability in exposure for a speci-
fied welding type, and the individual ascertainment of
welding duration, effects of respirator use, etc. These
errors necessarily contribute to the residual error in
our model despite our large exposure sample size and
individually assessed welding parameters.

A challenging element of our study was the hair
washing procedure. While the importance of hair
washing has been previously discussed (Eastman
et al., 2013), its importance is often overlooked in hair
biomarker studies. Due to issues with static electrical
charge when washing our initial hair samples we con-
ducted a sub-study to evaluated four washing proce-
dures. Ultimately two wash procedures were used with
the hair samples in this analysis. We first used a Triton
X-100 procedure and then changed to an acetone
based wash procedure because the two approaches
did not show any statistical difference in the sub-study.
However, our final results indicated that hair washed
with the Triton X-100 procedure had MnH levels that
were consistently lower than samples washed with
acetone, potentially due to more complete washing.
Nevertheless, the relationship between air exposure
and hair levels on the log scale was not significantly
modified by the use of the two methods.

Various hair washing procedures have been pro-
posed since the early attempts of measuring chemi-
cals in hair as an exposure biomarker (Bate, 1965).
The need for standardization of the procedures has
also been recognized (Bencko, 1995). Although the
IAEA proposed a standard hair washing procedure in
198S (International Atomic Energy Agency, 1985), it
has still not been widely adopted. Very little consen-
sus exists on which hair washing procedures should
be used (Kempson and Henry, 2010). Very thorough
work on wash procedures for using hair as a biomarker
for Mn was also done earlier (Salmela et al., 1981).
However, that analysis was limited to bulk hair sam-
ples and had higher limits of detection than are avail-
able today. Most recently, as an alternative analytical
approach, laser-ablation ICP-MS has also been pro-
posed to verify the effectiveness of a washing proce-
dure (Eastman et al., 2013).
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We quantified four different washing procedures on
purposely contaminated hair (see the Supplementary
Data for details). The four washing procedures pro-
duced on average 80% lower MnH levels than what was
measured in unwashed contaminated hair. However,
we likely experienced residual contamination, because
the Mn content in contaminated hair after washing
(0.8+0.5 pg g!) was higher than the Mn content of
washed not contaminated hair (0.6+0.7 ug g™*).

Given the apparent difference in the MnH between
the two wash procedures, it is important to consider
if the observed relationship between MnA and MnH
could have been due to residual contamination. Given
the prior evidence of Mn accumulation in the hair
from environmental sources including water supplies,
the demonstration of good washing efficiency in our
washing study (80%), the use of two wash procedures
with different types of solvents, and an essentially
parallel association of MnA and MnH in the log-log
space, we think it is unlikely that residual external con-
tamination could explain the observed results.

However, the possibility that proportional wash-
ing efficiency and residual contamination left on the
surface of the hair cannot be fully ruled out in this
study. Thus additional work on efficient hair wash-
ing techniques is needed before a fully validated and
quantitative biomarker for Mn exposure in hair can be

developed.

CONCLUSION
At relatively low occupational levels of exposure to
welding fume, on a log-log scale MnH was linearly
related to exposure, and thus may prove useful as an
exposure biomarker in similar settings. We demon-
strated this relationship using a time integrated quan-
titative estimate of exposure over the previous 30-day
period, associated with the first centimeter of hair
proximal to the scalp—the hair nominally grown over
this same period of time. Removal of surface contami-
nation of the hair is clearly an important component
of the procedure for use of hair as a biomarker for
airborne environmental contaminants, and requires
additional development before this technique can be
widely accepted as a quantitative exposure biomarker.

SUPPLEMENTARY DATA
Supplementary data can be found at http://annhyg.
oxfordjournals.org/.
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