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ARTICLE INFO ABSTRACT

Keywords: Objectives: Aluminum (Al) is a neurotoxicant; however, efforts to understand Al toxicity are limited by the lack
Biomarker of a quantitative biomarker of cumulative exposure. Bone Al measurements may address this need. Here, we
Aluminum

describe and compare non-invasive bone Al measurements with fingernail Al and Al cumulative exposure indices
Nail (CEIs).
Bone . . Methods: We completed a cross-sectional study of 43 factory workers in Zunyi, China. Bone Al measurements
Cumulative exposure index . L o . . .
Neutron activation analysis were taken with a compact in-vivo neutron activation analysis system (IVNAA). Fingernail samples were ana-
lyzed using inductively coupled plasma mass spectrometry. CEIs, based on self-reported work history and prior
literature, were calculated for the prior 5, 10, 15, 20 years and lifetime work history. Linear regressions adjusted
for age and education compared fingernail Al and Al CEIs with bone Al.
Results: Median (interquartile range (IQR)) Al measurements were: 15 ug/g dry bone (IQR = 28) for bone Al;
34.9 ug/g (43.3) for fingernail; and 24 (20) for lifetime CEI. In adjusted regression models, an increase in 15-year
CEI was significantly associated with increased bone Al (§ = 0.91, 95% confidence interval (CI): 0.16, 1.66).
Associations of bone Al with 10- and 20-year CEI were approaching statistical significance (3 = 0.98, 95% CI:
-0.14, 2.1; B = 0.59, 95% CI: -0.01, 1.18, respectively). Other models were not statistically significant.
Conclusions: Bone Al was significantly associated with 15-year Al CEI, but not other Al CEIs or fingernail Al
Bone Al may be a useful measure of cumulative, rather than short-term, Al exposure. Additional refinement of
this method is ongoing.

reduced performance on the digit-symbol test [3,10], attention-
switching tests [10], visual reaction times and tests of memory [11,12],

1. Introduction

Aluminum (Al) is the most abundant metal in the earth’s crust and it
widely used in a variety of products including cans, siding, foil, food
additives, analgesics, antiperspirants, and cosmetics [1]. Several review
articles have highlighted research suggesting that exposure to high
concentrations of Al is associated with impaired neurological function
[2-9]. More specifically, higher Al exposure has been linked with

memory loss and balance issues [13], and motor function [14]. Al has
also been suggested as a risk factor for Alzheimer’s disease (AD)
[8,15,16]. However, the relationship of Al with AD remains highly
controversial due in part to concerns that accumulation of Al in the
brain in AD patients could be a consequence rather than a cause of the
disease [4,5,17].

Abbreviations: Al, aluminum; BnAl, bone aluminum; Ca, calcium; CI, confidence interval; CEI, cumulative Exposure Index; DL, detection limit; FnAl, fingernail
aluminum; HPGe, high purity germanium; IVNAA, in vivo neutron activation analysis; ICP-MS, inductively coupled plasma mass spectrometry; IQR, interquartile

range; SD, standard deviation
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Fig. 1. Flowchart depicting selection of study participants.

Thus, studies are needed that can establish that Al exposure oc-
curred before onset of AD. However, this is challenging, as development
of AD occurs over many years or decades [18,19], yet standard quan-
titative methods to assess Al exposure reflect much shorter time per-
iods. The most commonly used Al biomarkers are Al in serum, plasma
or urine; these are considered to be reflective of short-term exposure,
i.e., exposure within the past several days or weeks [2,6]. Several recent
studies have measured Al in nails (toenail or fingernail) [20-22]. The
growth rate of nails and a recent evaluation of other metals in toenail
suggest that nail Al might reflect a longer time period, e.g, several
months [23,24]. Benefits of nail biomarkers are that their collection is
non-invasive and they represent a longer exposure period than blood or
urine. However, the time period reflected still falls short of multiple
years; thus it may not accurately reflect lifetime work exposure.

Cumulative, or long-term, exposure to Al has traditionally been
evaluated using semi-quantitative methods such as cumulative ex-
posure indices (CEIs). CEIs typically incorporate a combination of air
sampling and work history data to summarize the total inhaled con-
centration over time [25,26]. CEIs for Al have been used in several
occupational studies, which reported a significant association between
cumulative workplace Al exposure with headaches and insomnia [26]
as well as reduced balance and coordination [13]. Another study
evaluating cumulative occupational Al assessed with CEIs did not ob-
serve an association of Al with Alzheimer’s disease [27]. An advantage
of CEIs is that they can be constructed to reflect different time periods;
however, a disadvantage is their reliance on work histories that are
often self-reported or collected for purposes other than research.

Bone Al is a potentially useful quantitative biomarker of cumulative
exposure as several metals, including aluminum, are stored for long
periods in bone tissue. One case study estimated the half-life of cortical
bone Al to be up to 29 years [28]. Furthermore, > 50% of the body
burden of Al is stored in bone [29,30]. Bone tissue collected during iliac
crest biopsies have been used to quantify Al concentration among in-
dividuals with renal failure [31,32]. However, this highly invasive
procedure is not a viable option to assess Al exposure for routine
screenings or research studies.

Members of our research team and others have developed and va-
lidated the use of in vivo neutron activation analysis (IVNAA) as a non-
invasive method for quantitative assessment of bone manganese

[33,34] and more recently bone Al [35,36]. To date, very few studies
have utilized IVNAA to assess bone Al, including a study of 7 renal
failure patients [35], and a small cross-sectional study of 18 healthy
participants and 6 Al welders [37].

The availability of a quantitative measure of cumulative Al exposure
could help address outstanding questions regarding associations be-
tween Al exposure and chronic disease such as Alzheimer’s disease or
other dementias [38]. The IVNAA technology is a newer, non-invasive
method which could address this gap, but research in human popula-
tions and research which could establish the time period of exposure
reflected by bone Al is lacking. Therefore, in this study we report the
distribution of bone Al concentrations measured with IVNAA among
Chinese workers and determine the correlation of bone Al with fin-
gernail Al and Al CEIs that reflect exposure over different time periods.

2. Materials and methods
2.1. Study design and population

This cross-sectional study took place in Zunyi, China in collabora-
tion with Zunyi Medical University. Prior publications from this study
have focused on studies utilizing bone manganese [39,40]; data on Al
exposure were also collected as a secondary part of the study design.
Participants signed written informed consent in Chinese prior to their
participation. This study was approved by the Purdue University Bio-
medical Institutional Review Board and the Zunyi Medical University
Ethical Review Board.

Adult (=18 years) males employed at a manufacturing facility or a
ferroalloy smelting factory in Zunyi, China were eligible for the study.
Fig. 1 presents a flowchart depicting selection of study participants.
Exclusion criteria included: participation of another research project
with procedures involving radiation exposure in the past year; active
neurological or psychiatric disease; and cognitive symptoms related to
traumatic brain injury. No participants were excluded based on these
criteria. A total of 61 workers (30 manufacturing; 31 ferroalloy) were
enrolled in the study; however, 18 participants did not have reliable
bone Al measurements. One participant did not complete the IVNAA
procedure. Five participants were missing the first 5min of the 60 min
decay period (see details on the IVNAA procedure below). Twelve
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participants had the procedure completed when the gamma ray de-
tector was placed too close to the neutron generator system: the neutron
generator produced some Al signal, so when the gamma ray detector
was too close to the neutron generator some Al contamination occurred.
These 18 participants were excluded from all analyses, leaving a total of
N = 43. An additional 4 participants did not provide a sufficient
quantity of nail sample for laboratory determination of Al; thus, ana-
lyses including fingernail Al were limited to N = 39.

Participants were asked to come to Zunyi Medical University on a
weekday to complete the study; they did not go to work on this day.
Participants provided fingernail samples, completed the IVNAA as-
sessment, and completed a 123-item questionnaire to obtain data on
demographics (age and education), lifestyle (body mass index, smoking,
drinking), and work history.

2.2. Aluminum biomarkers

Details about the fingernail collection and analysis have been re-
ported previously [39]. Briefly, participants were asked to clip all 10
fingernails using a titanium nail clipper. Nails were cleaned with 10 mll
of 1% Triton X-100 solution and subsequently placed in an ultrasonic
cleaning bath for an hour. Upon completion, samples were rinsed at
least five times with distilled deionized water and then moved to a
drying oven at 60 °C for 24 h. This process was repeated a second time
to reduce the potential for external contamination. Nails were placed in
a 2% HNOj; solution and were placed in a microwave digester in pre-
paration for inductively coupled plasma mass spectrometry (ICP-MS)
analysis. ICP-MS analysis was conducted at the Purdue Campuswide
Mass Spectrometry Center using an ELEMENT-2 mass spectrometer
(ThermoFinnigan, Bremen, Germany). The detection limit for fingernail
Al (FnAl) was calculated using previously described methods [41]. Each
batch of samples analyzed had different detection limits, therefore; the
detection limit ranged from 1.05 to 5.95pug/g. A total of 2 out of 39
measured samples (5.1%) samples were below the detection limit (DL),
these were replaced with the DL/V2.

Bone aluminum (BnAl) measurements were assessed with a compact
deuterium-deuterium accelerator-based in vivo neutron activation ana-
lysis (IVNAA) system [36]. Our research team has developed a trans-
portable version of this technology [33,36,42]. Briefly, participants
removed any metal-containing accessories on their right hand and arm.
This area was thoroughly washed and then wiped with a 50% alcohol
wipe. The participant’s right hand was irradiated for 10 min followed
by a decay period of 5 min, and then a 60 min detection period with the
spectrum for the first 5min being saved and used for Al and calcium
(Ca) quantifications. The full 60 min detection period was needed for
calculating bone Mn. During the detection period, the participant’s
hand is placed inside a high-purity germanium (HPGe) detector to
quantify y-rays. The y-ray spectra were then collected by a digital signal
analyzer (Ortec DSPEC Plus) and analyzed by an in-house software
[33]. The DL for this method is 11.13ug Al/g dry bone, which is
equivalent to 44.5 ug/g calcium. Measurements in pg/g dry bone can be
transformed to pg Al/g calcium by multiplying the results by 4, as ex-
plained by Mohseni et al. (2016) if concentrations apply identical
normalization methods they can be readily compared however, when
normalization processes differ a rough conversion factor may be used
[29]. This method results in some radiation exposure; Purdue’s Radia-
tion Safety Committee reviewed the data on potential radiation ex-
posure among participants to ensure that this posed minimal risk to
study participants. The estimated radiation exposure from the IVNAA
was estimated to be ~11.9 mSv to the hand, which is less than one-
tenth the annual limit of radiation dose to the extremities (500 mSv)
and the full-body equivalent of this dose is 1/5 of the radiation received
from an AP chest x-ray (100 uSv) [36]. Therefore, use of IVNAA was
determined to pose minimal risk to study participants.

Among those with BnAl measurements, 7/43 (16.3%) were negative
and an additional 13/43 (30.2%) were positive, but below the DL. Thus,
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overall, 20/43 (46.5%) of samples were below the DL. Negative values
can be observed using this method when the actual concentrations are
close to zero [43].

The most common method to address values < DL is replacement
with values such as the DL/V2. However, using this approach is only
recommended when 2 conditions are met: if there are a few (< 10%)
data points below the DL, and if the data points are not exceedingly
skewed [44,45]. Otherwise replacement methods may introduce addi-
tional bias [45]. Thus, although there is unquestionably substantial
variability within values < DL, use of the observed values still allows
us characterize relative exposure among those with BnAl < DL, while
minimizing potential bias.

Similarly, while it is true that values below the DL may have more
uncertainty, simply eliminating them from analysis also runs the risk of
inducing bias in our analysis due to left-censoring. Previous papers on
bone Pb concentrations (with x-ray fluorescence method) showed that
retaining all point estimates, including below DL and negative esti-
mates, provides less bias in comparing the mean or median levels of
bone lead of different populations [46]. For these reasons, we chose to
retain values < DL in statistical analyses has been used previously in
studies with bone metal assessments.

2.3. Cumulative exposure indices (CEIs)

Cumulative aluminum exposure was estimated by constructing
several CEIs representing exposure over the prior 5, 10, 15, 20 years
and lifetime exposure. We used a distinct exposure groups approach to
determine the magnitude of occupational Al exposure; this method
assumes individuals with similar job titles have similar exposures [47].
Prior research documenting air Al concentrations with specific jobs as
well as government assessments of job titles which have similar func-
tions were used to develop definitions of which jobs were estimated to
be low exposure (assigned a value of 1), moderate exposure (2), and
high exposure (3) [48-57]. More details regarding determination of
distinct exposure groups are available in the Supplemental Material.

Each worker’s CEI is calculated as

n
CEI= ) GY,
i—1 (@D

where C is the exposure group, Y is the duration (years) of employment
in a given position, and i indicates position held by each participant, up
to a total of n positions. Since the CEIs are based on distinct exposure
groups (ranking exposure) rather than specific measurements, our CEIs
have no units. The lifetime CEI included the entire reported work his-
tory, whereas the other CEIs were limited summarizing work history
over the prior 5, 10, 15, or 20 years, as appropriate.

2.4. Statistical analyses

The statistical package Stata 14 (College Station, Texas, USA) was
used to organize, analyze, and graph data. A p-value < 0.05 was as-
sumed to be statistically significant. FnAl, but not BnAl, was lognor-
mally distributed. Therefore, medians and interquartile ranges are
presented for descriptive statistics and natural logarithm transforma-
tions for FnAl are used in regression analyses. Bivariate associations
between FnAl, BnAl, and all CEI measures were determined with
Spearman correlation coefficients and completing unadjusted regres-
sion analyses; the latter are depicted with scatter plots. Demographic
variables were identified and controlled for in the multiple linear re-
gression models.

Multiple linear regression models controlling for age and education
were used to determine the association between BnAl with FnAl and
CEI measures. Age and education were included as continuous variables
because our bivariate analyses determined that these were strongly
correlated with Al exposure. Model coefficients, 95% confidence
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Table 1

Population characteristics and aluminium measurements, stratified by factory.
Variable Manufacturing Facility Ferroalloy Facility p-value *

N Mean (SD) Median (IQR) N Mean (SD) Median (IQR)

FnAl, pug/g 15 52.06 (50.5) 26.2 (47.6) 24 67.56 (66.72) 37.32 (63.58) 0.35
BnAl, ug/g dry bone 18 17.02 (20.95) 13.10 (27.00) 25 14.63 (17.14) 14.90 (24.60) 0.68
5-year CEI 18 7.33 (3.29) 5.00 (5.00) 25 10.20 (1.87) 10.00 (0.00) < 0.01
10-year CEI 18 13.30 (5.61) 12.17 (7.01) 25 18.96 (4.46) 20.00 (3.00) < 0.01
15-year CEI 18 18.39 (8.60) 17.00 (13.00) 25 23.26 (7.10) 23.00 (7.83) < 0.05
20-year CEI 18 22.20 (11.29) 20.50 (21.00) 25 25.42 (9.17) 24.00 (8.00) 0.31
Lifetime CEI 18 29.73 (21.47) 25.01 (30.02) 25 27.36 (12.47) 24.00 (10.02) 0.65
Education, years 18 10.94 (4.28) 10.50 (8.00) 25 9.16 (3.70) 9.00 (5.00) 0.15
Age, years 18 47.39 (10.22) 49.50 (20.00) 25 46.24 (6.11) 45.00 (8.00) 0.65

IQR = interquartile range, Al = aluminum, BnAl = bone Al, 95% CI = 95% confidence interval, FnAl = fingernail Al, CEI = cumulative exposure index. CEI

measures have no units.
@ Student’s t-test (comparing means).

intervals, and p-values are reported.

3. Results

Mean age for the 43 workers was 46.7 years (standard deviation
(SD) = 8); mean education was 9.9 years (4). Mean BnAl was 15.6 ug/g
dry bone (SD = 18.6); further details about the distribution of BnAl are
available in Figure S1 and Table S1 (Supplemental Material). Mean (SD)
values for CEIs were 5-year CEIL: 9 (2.9); 10-year CEL 16.6 (5.7); 15-
year CEI: 21.2 (8); 20-year CEI 24.1 (10); and lifetime CEL 28.4 (16.6).
Among the 39 participants with FnAl measurements, median (inter-
quartile range) FnAl was 34.9 ug/g (43.3).

Eighteen (41.9%) participants worked at the manufacturing factory;
25 (58.1%) worked at the ferroalloy factory. Aluminum exposure
measurements and demographic variables stratified by factory are
presented in Table 1. 5-year and 10-year CEIs were significantly higher
for ferroalloy workers versus manufacturing workers. There was no
evidence of a statistically significant difference in FnAl, BnAl, age,
education and other CEI measures by factory.

Scatter plots and unadjusted regression lines comparing BnAl with
In(FnAl) and CEI values are presented in Fig. 2. There is no evidence of
an unadjusted association between BnAl with In(FnAl). BnAl had a
positive association with all CEI measures. This relationship was sta-
tistically significant with 15-year CEI (p = 0.04) and approaching sta-
tistical significance for 20-year CEI (p = 0.07), but was not statistically
significant for other CEI time periods. Similar graphs comparing In
(FnAl) with other exposure measures are presented in Figure S2 (Sup-
plemental Material). An increase in In(FnAl) is associated with in-
creased 5-, 10- or 15-year CEIL, whereas an increase in In(FnAl) is re-
lated to a decrease in lifetime CEI. However, none of the associations of
CEI with FnAl are statistically significant.

Results from adjusted linear regression models comparing In(FnAl)
and CEI with BnAl are presented in Table 2. An increase in 15-year CEI
was significantly associated with higher BnAl (f = 0.91, 95% con-
fidence interval (CI) = 0.16, 1.66). Results for 20-year CEI were si-
milar, and approaching significance (p = 0.05). Higher 10-year CEI was
related to higher BnAl, but it was not statistically significant (p = 0.09).
We did not observe an association between BnAl with FnAl, 5-year CEI
or lifetime CEIL.

4. Discussion and conclusion

This study presented measurements of BnAl, FnAl, and Al CEIs
among 43 Chinese workers and determined the correlation of BnAl with
FnAl and multiple CEIs representing cumulative Al exposure. There was
a significant association between elevated bone Al with higher 15-year
CEL; additionally, the association of BnAl with 20-year CEI was ap-
proaching statistical significance. However, we did not observe an

association between BnAl and FnAl, or BnAl with the other CEls.

There is substantial variability in reported median nail Al con-
centrations. Median FnAl concentration reported in this population was
34.9ug/g, which is greater than prior reports of median FnAl of
14.9ug/g among 50 healthy, non-occupationally exposed Canadian
adults [22], but substantially lower than the median FnAl reported
among 59 Nicaraguans from a gold mining community (135.3 ug/g)
[58]. Other studies have measured toenail Al instead of fingernail Al.
Bergomi et al. (2002) report median Al concentration similar to ours:
34.5ug/g among Italian ALS patients and 37.5pug/g in healthy adults
[21]. Our median FnAl was greater than the median value for toenail Al
reported among Pacific Island children (5.44 pug/g) [20]. The source of
the variation between these results is unclear, but it could be attributed
to differences in age and ethnic background, the extent of Al con-
tamination or exposure in the different regions, or even differences in
cleaning procedures to reduce external contamination.

Aslam et al. used IVNAA to assess BnAl concentrations on six
Canadian welders [37]. They reported mean BnAl equivalent to
10.3 ug/g dry bone, with a range of 8.6-11.2 ug/g [37]. This is lower
than our reported mean BnAl of 15.6 ug/g dry bone. This difference
might be attributable to differences in factory conditions, such as ma-
terials used, or to differences in work history between the two popu-
lations. For example, at least one participant in our study reported prior
employment in the Al industry. In contrast, BnAl values in this study
were lower than most studies which measured BnAl via biopsy in pa-
tients with renal failure [35,59,60]. This is consistent with evidence
from other Al biomarkers: serum Al was reported to be highest in pa-
tients with hemodialysis, followed by individuals with occupational Al
exposure, and lowest in healthy non-occupationally exposed individuals
[61].

We did not observe an association between BnAl and FnAl. This is
consistent with evidence suggesting that nail and bone represent very
different time periods with regards to exposure and metal accumulation
in the body; the metal in nail presents the prior 2-12 months of ex-
posure for nail [20-22,62] while the metals in bone reflect the past
several years exposure [28]. We observed a positive (albeit not statis-
tically significant) relationship between FnAl with 5- and 10-year CEI;
this positive association was not apparent at the longer time-periods
(Figure S2). This is also consistent with evidence that nails tend to re-
flect shorter-term exposures.

We observed a statistically significant relationship between in-
creasing BnAl with increasing 15 year CEI after adjusting for age and
education (Table 2). Additionally, the relationship of BnAl with 10-year
and 20-year CEI, although not statistically significant, appeared
stronger than other CEI measurements. This is consistent with prior
evidence that metals measured in bone are representative of long term
exposure [39,63]. Of note is that we did not observe a significant as-
sociation between BnAl and lifetime CEI This is similar to the results
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Fig. 2. Scatter plot and unadjusted regression line for bone aluminum (ug/g dry bone) with A: In(FnAl) (ug/g); B: 5 year CEIL; C: 10 year CEL D: 15 year CEI; E: 20 year

CEI, F: lifetime CEIL

Table 2
Results from adjusted linear regression models predicting bone aluminium
concentrations.

Variable N B 95% CI p-value
FnAl pg/g * 39 —0.02 —0.14, 0.10 0.79
5-year CEI 43 1.27 —1.10, 3.63 0.29
10-year CEI 43 0.98 —0.14, 2.10 0.09
15-year CEI 43 0.91 0.16, 1.66 0.02
20-year CEI 43 0.59 —-0.01, 1.18 0.05
Lifetime CEI 43 0.22 —0.16, 0.61 0.25

All models are adjusted for age (continuous) and education (continuous).
CI = confidence interval, FnAl = fingernail aluminum, CEI = cumulative ex-
posure index.

@ Natural logarithm of FnAl used in analysis.

we previously reported with bone manganese [39], and suggests that
while the half-life of bone Al is relatively long, it might not reflect
multiple decades of exposure.

There are some limitations of this study. Although our sample size
for this study is the largest to date which incorporates IVNAA-based
BnAl measurements, it is still a relatively small sample. Additionally,
our CEI relied on work history to determine relative cumulative Al
exposure. It is true that we could have likely added some precision if air
sampling data were available for this population. However, the use of
work history to compose the CEI is an established method [13] which is
sufficiently robust to estimate the relative ranking of exposure within
our study population over their working lifetime. While this is not
precise enough to estimate thresholds of exposure or determine reg-
ulatory guidelines, this precision is sufficient to determine correlations
of higher or lower exposure at different time periods with BnAl mea-
surements, which was our goal in this study.

As the IVNAA method to quantify BnAl has been developed rela-
tively recently, the detection limit for BnAl is relatively high, which
limits the usefulness of this method in populations without occupa-
tional exposure. The detection limit can be reduced in future studies by
reconstructing the irradiation cave, rearranging the irradiation/decay/
measurement time, and reducing the background with more shielding
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on the detection system, actions which our group is currently taking.

This study also has several strengths. This is the largest study to date
that we are aware of to use INVAA BnAl measurements to quantify long-
term aluminum exposures within an occupational population, and the
first to compare BnAl with an estimate of cumulative Al exposure. Our
results suggest BnAl is significantly associated with the prior 15-years of
Al exposure and that IVNAA to assess BnAl can be used in field epi-
demiology studies. The availability of IVNAA to determine a quantita-
tive measure of cumulative Al exposure has the potential to be highly
valuable for studies evaluating the potential association between Al
exposure with health outcomes that have a long latency period, such as
Alzheimer’s disease.

In conclusion, our data suggest BnAl assessed with IVNAA reflects
cumulative Al exposure over the past ~15years. Future efforts will
focus on lowering the detection limit and comparing BnAl with addi-
tional biomarkers of exposure in larger populations. Meanwhile, our
current results represent an important step forward in the development
of a quantitative biomarker of cumulative Al exposure.
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1. Distinct exposure groups

Cumulative exposure indices (CEls) for aluminum (Al) were created using the distinct exposure
group method [1]. The following section offers a rationale behind where each exposure group
was placed. Reported job titles or descriptions were allocated to 1 of 3 exposure groups: low
exposure (group 1); moderate exposure (group 2); and high exposure (group 3). More details are

presented in Table S1, below.

The exposure group category for a participant’s current job was based on job title and the
factory location (whether in the factory or office building). Previously published aluminum (Al)
exposure data for similar job titles in the literature were used to determine group assignment,
where possible (see Table S1). Individuals in group 1 worked in the office building of the
manufacturing or ferroalloy facility. Job titles in group 2 included individuals that moved
between the factory and office building of the manufacturing facility (including managers) and
individuals in the electrolysis processing area of the ferroalloy factory. Group 3 was comprised
of workers in the factory area of the manufacturing facility, mineral ore processing area and
liquid processing area of the ferroalloy factory. The same placement was used for previous job
titles that were the same or similar to a current job title and factory. Placement of individuals
with prior jobs that were not in either factory included in the study was determined by consulting

previously reported exposure assessment data (see Table S1).



Table S1: Job titles and/or descriptions included in distinct exposure groups

Group 1 (low exposure)

Group 2 (moderate exposure)

Group 3 (high exposure)

Administrator ?
Advertising/marketing [2,3]
Assembler/ equipment assembler/ metal product
assembler >°

Brick carrier

Car repair

Cement factory worker [4]
Charting ®

Construction worker

Designer "

Driver [5]

Equipment/machine processing *
Lime processing [6]

Machine designer®

Metal processing

Machine operator

Security

Private business

Quality inspector [7]

Road construction

Secretary

Security and environmental protection
Sewage treatment [§]

Stevedore

Weeding

Wireman [9]

Cleaner [10]

Die-casting hardware [11]
Director/ manager 452
Equipment management/manufacture/repair [12]
Factory worker

Fire-resistant material worker [13]
General worker

Janitor?

Machine repair “#

Maintenance f

Manganese worker &5

Metal product assembler

Miner/ part-time miner [12]
Production manager &

Refinery

Stripping [ 14]

Vegetable storage manager ¢

Arc welder ©

Assembler >

Welder©

Welder and machine repair ¢
Smelter

2 Office building in the ferroalloy facility, ® Office building in manufacturing facility, © factory area of the manufacturing facility, ¢ moved between the factory and office building
of the manufacturing facility, ®mineral ore processing area in the ferroalloy factory, felectrolysis processing area in the ferroalloy factory, € liquid processing area in the ferroalloy

factory.



2. Distribution of bone aluminum measurements
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Figure S1: Density plot of bone aluminum concentrations, N=43.



Table S2: Distribution of bone aluminum (Al), pg/g dry bone, N=43

Standard 25t 50t 75t - .
Mean e . . . Minimum  Maximum
deviation percentile percentile  percentile

Bone Al 15.6 18.6 0 14.9 28.1 -15.9 63.4




3. Unadjusted association of fingernail aluminum with bone aluminum and aluminum

cumulative exposure indices
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Figure S2: Scatter plot and unadjusted regression line for In(Fingernail aluminum) (ug/g) with:
A: bone Al (ng/g dry bone); B: 5 year CEI; C: 10 year CEI; D: 15 year CEI; E: 20 year CEI; and
F: lifetime CEIL. N=39.
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