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ARTICLE INFO ABSTRACT

Handling Editor: Lesa Aylward Introduction: Environmental exposure to toxic metals and metalloids is pervasive and occurs from multiple

Keywords: sources. The Health Effects of Arsenic Longitudinal Study (HEALS) is an ongoing prospective study pre-

Metals dominantly focused on understanding health effects associated with arsenic exposure from drinking water. The

Metalloids goal of this project was to measure a suite of elements in urine to better understand potential exposure patterns

Metal mixtures and to identify common environmental sources of exposure among this semi-rural Bangladeshi population.

ziomogitoriﬂg Methods: In a random sample of 199 adult HEALS participants (50% female), the concentrations of 15 urinary
roundwater

elements (As, Ba, Cd, Co, Cs, Cu, Mn, Mo, Ni, Pb, Se, Sr, Tl, W, Zn) were assessed by Inductively-Coupled Plasma
Mass Spectrometry (ICP-MS) to assess commonalities with sociodemographic characteristics and potential
sources of exposure. We used principal component analysis (PCA) with varimax normalized rotations, and
hierarchical cluster analysis (CA), using Ward's method with Euclidean distances, to evaluate these relationships.
Results: PCA and CA showed similar patterns, suggesting 6 principal components (PC) and 5 clusters: 1)PC: Sr-
Ni-Cs/ CA: Sr-Ni-Co; 2) Pb-T1/Pb-Tl-Se-Cs; 3) As-Mo-W/As-Mo-W; 4) Ba-Mn/Ba-Mn; 5) Cu-Zn/Cu-Zn-Cd; and 6)
Cd. There was a strong significant association between the As-Mo-W PC/cluster and water arsenic levels
(p < 0.001) and between the Cd PC and betel nut use (p = 0.003). The Sr-Ni-Cs PC was not related to any of the
socio-demographic characteristics investigated, including smoking status and occupation. The first PC, Sr-Ni-Cs,
explained 21% of the variability; the third PC, As-Mo-W, explained 12.5% of the variability; and the sixth PC, Cd,
explained 10% of the variability. Day laborers appeared to have the highest exposure.

Conclusions: Groundwater and betel nut use are likely important sources of metal and metalloid exposure in this
population. These findings will guide future exposure assessment research in Bangladesh and future epide-
miologic research investigating the degree to which metal mixtures play a role in disease development.

Betel nut use
Air pollution

1. Introduction metal. Identifying metal clusters and relevant sources for metal mix-

tures (air, water, diet, occupation) can guide research needs and public

Chronic exposure to certain metals and metalloids (herein referred
to as “metals” for simplicity) can lead to the development of cardio-
vascular disease (Cosselman et al., 2015; Nigra et al., 2016; Solenkova
et al.,, 2014), adverse neurocognitive outcomes (Karri et al., 2016;
Wright and Baccarelli, 2007) and/or some cancers (Cogliano et al.,
2011). Relatively little is known, however, about health effects of ex-
posures to mixtures of metals. Because metals are ubiquitous in the
environment, metal exposure is rarely limited to one source or one

health interventions. Urine is a typical biospecimen used to assess metal
exposure and internal dose, as many metals are excreted via the kid-
neys. Metal concentrations in the urine can be inter-related due to
common exposure sources and/or similarities in metabolism. Di-
mensionality reduction methods, including principal component ana-
lysis (PCA) (Hotelling, 1933) and cluster analysis (CA) (Everitt et al.,
2011), are often used in environmental research to identify underlying
patterns of metal exposures (Bhowmick et al., 2015; Hoover et al.,
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2018; Pang et al., 2016; Yongming et al., 2006). By reducing the di-
mensionality of the original data, these methods can facilitate the
identification of common sources and metabolic pathways of metals.

In Bangladesh, a large body of evidence has investigated the major
sources (Kile et al., 2007; Nickson et al., 1998; Smith et al., 2000; Yunus
et al., 2016) and health effects of arsenic exposure, including cancers of
the lung, skin, bladder kidney and liver; cardiovascular disease; and
neurological effects (Argos et al., 2010; Huyck et al., 2007; Kile et al.,
2015; Naujokas et al., 2013; Smith et al., 2000; Vahter et al., 2006).
Less is known, however, about sources of exposure and related health
effects for other toxic metals. A few studies have investigated two or
three metals in addition to arsenic, such as lead, manganese and cad-
mium (Berglund et al., 2011; Forsyth et al., 2018; Gleason et al., 2014;
Hawkesworth et al., 2013; Khan et al., 2010). One study conducted
among children living in Dhaka, has investigated the environmental
sources of multiple metals and persistent organic pollutants (POPs)
(Linderholm et al., 2011). The study found that while POPs were higher
among children working and living near waste disposal plants, blood
metals were not clearly associated with distance to waste disposal
plants; however, blood metals were elevated compared to non-Ban-
gladeshi populations, signifying that these exposures might affect the
population as a whole, perhaps through air pollution via combustion
by-products (Begum et al., 2005). Exposure patterns among people
living in urban centers may greatly differ from exposures among a rural
population. In rural Bangladesh, the majority of the population relies on
biomass fuels to meet their energy needs (Khan et al., 2017). Biomass
burning is a potential source of several metals, including lead and
cadmium (Hasan et al., 2009).

Our study population was drawn from the Health Effects of Arsenic
Longitudinal Study (HEALS) cohort, located in the semi-rural Upazila of
Araihazar, Bangladesh. HEALS is an ongoing cohort study which has
predominantly focused on understanding health effects associated with
arsenic exposure from drinking water (Ahsan et al., 2006). Araihazar is
located about 25 km southeast of Dhaka. It was chosen as the study site
for HEALS in part because the area contains a population with relatively
homogenous sociocultural characteristics and, while similar to other
parts of Bangladesh in that it is affected by arsenic in drinking water,
the area also has a heterogenous water arsenic exposure distribution.
Some of the main sources of income in the area include agricultural
work and commerce, with roughly 50% of Araihazar residents owning
agricultural land (Islam, 2015).

In this study, we leveraged the extensive resources of the HEALS
cohort to measure a panel of metals in urine, in addition to the me-
talloid As and the non-metal Se, and characterize patterns of mixtures
with the goal to identify common sources of exposure and/or metabolic
pathways among a semi-rural population in Bangladesh. We hypothe-
sized that urinary metals highly correlated with arsenic, in urine and/or
in water (as both have been measured in HEALS), could reflect water as
a common source. For metals not correlated with urinary and water
arsenic, these preliminary data on metal mixtures may generate hy-
potheses to guide future research on the sources of exposure and po-
tential health effects of metal mixtures in rural and semi-rural popu-
lations of Bangladesh.

2. Materials and methods
2.1. Study population

Between 2000 and 2002, 11,746 married men and women age 18
and older were recruited into the HEALS cohort. HEALS participants
had to be married, a resident of the study area for at least 5 years and
primarily drinking water from one of the 5966 study wells for at least
3 years to be eligible. Since then, HEALS has expanded to over 30,000
participants. For this study, we randomly selected 200 HEALS partici-
pants (50% female) with a urine sample available at the third HEALS
follow-up (2007-2009) to conduct a metal panel assay (Supplementary
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Table 1). One participant, however, was missing urinary specific gravity
and was excluded. The samples size was based on available funding.
HEALS study protocols were approved by the Columbia University
Institutional Review Board and the Ethical Committee of the
Bangladesh Medical Research Council. All participants provided oral
informed consent.

2.2. Urinary metals

Spot urine samples were collected from all HEALS participants at
the time of the clinical examination at the third HEALS follow-up
(2007-2009). Urine samples were initially stored at —20°C in
Bangladesh, shipped in dry ice to the United States and stored at
—20 °C at Columbia University. All laboratory analyses were performed
blinded to participants' characteristics. Total urinary arsenic (As) was
measured shortly after arrival by graphite furnace atomic absorption
spectrometry (GFAAS) at the Trace Metals Laboratory at Columbia
University following a previously used protocol (Nixon et al., 1991).
For the multi-elemental urinary metal panel specifically conducted for
this study, we used inductively coupled plasma mass spectrometry (ICP-
MS) to measure antimony (Sb), barium (Ba), beryllium (Be), cadmium
(Cd), cobalt (Co), cesium (Cs), copper (Cu), lead (Pb), manganese (Mn),
molybdenum (Mo), nickel (Ni), platinum (Pt), selenium (Se), strontium
(Sr), tin (Sn), thallium (T1), tungsten (W), uranium (U) and zinc (Zn)
concentrations using a Perkin-Elmer NexION 350S ICP-MS-DRC
equipped with an Autosampler SC-4 Dx, manufactured by Elemental
Scientific, as highly automated and set up as a FAST System for NexION
measurements. The ICP-MS-DRC method used for metals in urine was
developed in our laboratory according to published procedures
(Pruszkowski et al., 1998; Stroh, 1993) the Center for Disease Control
(CDC) method (Centers for Disease Control and Prevention (CDC),
2014) and with modifications suggested by the Perkin Elmer applica-
tion laboratory. Urine samples were diluted 50x with 2%
HNO3 + 0.02% Triton-X-100 + 500 pg/L gold (Au). One multi-element
standard solution, made of stocks of single elements, was used for in-
strument calibration. The same diluent used for urine samples was used
for calibration standards. The metal concentrations of calibration so-
lution were chosen to cover the expected ranges of analyte concentra-
tions in urine samples: for Sb, Ba, Cd, Cs, Co, Mn, Pt, Tl, W and U they
were 0.01, 0.02, 0.05, 0.1, 0.2 ug/L; for Be and Ni they were 0.05, 0.1,
0.25, 0.5, 1.0 ug/L; for Mo, Pb, Se, Sn, Cu and Sr they were 0.25, 0.50,
1.25, 2.5 and 5.0 ug/L; and for Zn they were 0.5, 1.0, 2.5, 5.0, 10.0 p/L.
Special attention was given to correct for matrix-induced interferences.
Matrix suppression is compensated very well by the selection of suitable
internal standards (IS), which were matched to masses and, if possible,
to ionization properties of the analytes. For low masses (Co, Ni, Zn, Cu
and Mn) we used gallium (Ga) and for Be we used scandium (Sc), for
medium masses (Sr, Mo, Sn, Sb, Cs, Ba, Se and Cd) we used rhodium
(Rh) and for high masses (W, Pt, T1, Pb and U) we used iridium (Ir). A
stock IS spiking solution was prepared which ultimately delivered to
each tube 25ng of each IS. Polyatomic interferences are suppressed
with the instrument's Dynamic Reaction Cell (DRC) technology feature,
oxygen was used as a second gas for Se and Cd and ammonia was used
as a second gas for Mn. The other metals (Be, Co, Ni, Zn, Cu, Sr, Mo, Sn,
Sb, Cs, Ba, W, Pt, T1, Pb and U) were run in standard mode without a
second gas. Samples were analyzed in batches of 20 with a set of cali-
bration blanks, sample preparation blanks, and commercially available
reference urine samples from NIST and Institut de Santé Publique du
Québec with a broad range of metals concentration. Also, about 10% of
samples were measured in duplicate to determine intraprecision, and
another 10% were measured on a different day to determine inter-
precision. These 20 elements were selected because of their relevance to
a prior study of urinary metal mixtures in the United States (Pang et al.,
2016). The limits of detection (LOD) were 2.00 pg/L for As, 0.23 ug/L
for Ba, 0.27 ug/L for Be, 0.07 pg/L for Cd, 0.05 pg/L for Co, 0.03 pg/L
for Cs, 0.64 pg/L for Cu, 0.18 ug/L for Mn, 0.09 ug/L for Mo, 0.21 pg/L
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Table 1
Geometric means of urine metals (ug/L) by participant characteristics. All metals standardized by specific gravity.
N As Ba Cd Co Cs Cu Mn Mo Ni Pb Se Sr Tl w Zn
Sex
Men 100 79.84 1.07 0.41 0.35 9.30 9.58 0.36 64.72 3.39 241 10.59 79.04 0.16 0.25 208.51
Women 929 68.72 1.11 045 0.41 9.68 8.67 0.70 58.56 292 2.29 9.03 75.19 0.17 0.19 112.17
p-value 0.2 0.8 0.4 0.03 0.6 0.2 0.001 0.4 0.1 0.6 0.03 0.6 0.5 0.1 < 0.001
Current smoker
Yes 60 81.45 1.02 0.48 0.38 9.03 9.68 0.39 70.11 3.67 2.53 10.8 88.23 0.16 0.26 210.61
No 139 71.52 1.12 0.41 0.38 9.68 8.94 0.56 57.97 294 227 9.39 7297 0.17 0.20 132.95
p-value 0.3 0.6 0.2 0.8 0.4 0.4 0.1 0.1 0.03 0.3 0.07 0.08 0.6 0.1 < 0.001
Betel nut user
Yes 69 82.27 1.28 0.53 0.44 10.7 9.39 0.57 5797 3.60 2.25 10.28 80.64 0.17 0.20 154.47
No 130 70.81 1.00 0.39 0.35 8.94 8.94 0.47 63.43 294 239 9.49 75.19 0.16 0.23 152.93
p-value 0.3 0.1 0.01 0.009 0.02 0.5 0.4 0.5 0.04 0.6 0.3 0.5 0.5 0.4 > 0.9
Owns TV
Yes 58 54.60 1.28 0.42 0.38 9.12 9.12 0.58 50.40 3.22 277 9.97 75.94 0.18 0.17 169.02
No 141 84.77 1.02 0.44 0.38 9.68 9.12 0.47 66.69 3.13 218 9.68 77.48 0.16 0.24 146.94
p-value 0.001 0.2 0.8 0.8 0.5 >09 04 0.02 0.8 0.2 0.7 0.8 0.2 0.02 0.3
Fabric dye use
Yes 15 75.94 0.82 045 0.33 8.85 8.00 0.33 60.34 297 234 8.76 57.97 0.17 0.17 167.34
No 184 74.44 1.12 0.43 0.38 9.58 9.21 0.52 61.56 3.16 2.34 9.87 79.04 0.17 0.22 152.93
p-value 0.9 0.3 0.8 0.3 0.6 0.3 0.2 0.9 0.7 >09 04 0.1 >09 03 0.7
Fertilizer/pesticide use
Yes 81 86.49 1.20 0.47 0.38 9.49 9.39 0.48 72.24 3.53 225 10.07 79.84 0.16 0.26 194.42
No 118 67.36 1.02 0.41 0.38 9.58 8.94 0.52 55.15 292 241 9.58 75.19 0.17 0.20 130.32
p-value 0.05 0.3 0.3 0.8 0.9 0.6 0.6 0.02 0.04 0.5 0.6 0.6 0.3 0.05 < 0.001
Occupation, male
Day labor 8 86.49 1.07 0.68 0.45 10.07 12.68 0.31 75.94 5.47 2.72 13.2 97.51 0.19 0.38 278.66
Farmer 18 130.32 095 0.51 0.36 9.87 8.17 0.38 87.36 3.35 1.90 9.12 61.56 0.14 0.36 186.79
Factory 24 99.48 0.85 0.36 0.34 9.78 9.12 0.27 77.48 3.19 239 10.07 84.77 0.15 0.27 165.67
Other 50 59.74 1.25 0.37 0.34 8.85 9.97 0.42 51.94 3.25 2.56 1091 81.45 0.17 0.19 230.44
p-value 0.01 0.4 0.1 0.5 0.8 0.3 0.3 0.05 0.2 0.4 0.3 0.4 0.5 0.06 0.2
Occupation, female
Homemaker 95 68.72 1.05 0.46 0.41 9.78 8.76 0.62 59.74 294 232 9.21 75.19 0.17 0.19 115.58
Other 4 75.94 335 035 0.38 8.76 7.32 11.70 36.23 239 1.45 6.42 66.02 0.15 0.21 50.91
p-value 0.8 0.05 0.6 0.7 0.7 0.5 <0.001 0.2 0.5 0.2 0.2 0.7 0.6 0.8 0.02
Water arsenic quartiles (ug/L)
<15 50 38.09 1.20 0.49 0.43 9.49 9.68 0.36 61.56 3.29 2.23 10.38 85.63 0.17 0.14 154.47
15- < 67 50 72.24 1.15 0.39 0.34 8.94 8.58 0.66 50.40 2.83 2.08 9.78 67.36  0.17 0.21 133.95
67- < 167 48 94.69 1.14 0.39 0.37 10.07 9.21 0.56 58.56 3.06 2.51 9.49 81.45 0.17 0.23 172.43
=167 51 119.10 0.90 0.46 0.39 9.58 9.12 0.48 79.04 3.49 2.64 9.49 75.19 0.16 0.34 156.02
p-value <0.001 0.5 0.4 0.2 0.7 0.7 0.2 0.04 0.4 0.3 0.8 0.4 0.8 < 0.001 0.4

for Ni, 0.30 pg/L for Pb, 0.05 pug/L for Pt, 0.14 pg/L for Sb, 1.10 pg/L for
Se, 1.34 pg/L for Sn, 0.34 ug/L for Sr, 0.02 ug/L for Tl, 0.02 ug/L for U,
0.03 pug/L for W and 5.49 ug/L for Zn. Five metals (Be, Pt, Sb, Sn and U)
were excluded from further analysis because > 80% had values below
the LOD (Supplementary Table 2). For the 15 metals retained in the
analysis, the percent of samples with values below the LOD ranged from
0% for As, Cs, Cu, Mo, Ni, Se, Sr and Zn to 27% for Mn. Values below
the LOD were replaced by the LOD divided by the square root of two.
We accounted for urinary dilution by standardizing metal concentra-
tions to urinary specific gravity (SG) using urinary metal concentra-
tion * (mean SG — 1) / (SG — 1).

2.3. Other variables

Interviews, physical examinations and biospecimen collection were
conducted by trained field staff in Araihazar, Bangladesh, using stan-
dardized HEALS procedures (Ahsan et al., 2006). Information on age,
sex, occupation, TV ownership (as a marker of socioeconomic status),
and fertilizer/pesticide/fabric dye use was abstracted from a standar-
dized questionnaire that was administered at baseline (2000 —2002).
Information on current cigarette and betel nut use was abstracted from
the questionnaire administered at follow-up 3 (2007-2009), thus con-
current with the time of urine panel metals assessment. These variables
were selected because they were available in the questionnaire and we
believed they could be relevant to identify different sources of metal
exposure (e.g. occupation) or metabolic factors that influence internal
dose (e.g. sex, age). Water As and Mn concentrations collected from the

participants' well at baseline were previously analyzed at Lamont-
Doherty Earth Observatory of Columbia University by GFAAS. Samples
with As concentrations below 5 pg/L were subsequently re-analyzed by
HR ICPMS. Details have been published elsewhere (Cheng et al., 2004;
van Geen et al., 2003).

2.4. Statistical analysis

The distributions of urinary metal concentrations were right skewed
and thus log-transformed for all analyses to achieve normality
(Supplementary Fig. 1). Spearman's correlation coefficients were cal-
culated to examine the correlation between each metal pair
(Supplementary Fig. 1). Basic descriptive statistics were calculated for
each metal overall and by participant characteristics.

Principal Component Analysis (PCA) is commonly used to reduce
data dimensionality when there are many interrelated variables in a
dataset while minimizing the loss of original information. This reduc-
tion is achieved by extracting the principal components (PCs) from the
observed variables. The resulting PCs are uncorrelated and ordered by
decreasing explanation of the variation present in all of the original
variables (Hotelling, 1933; Jolliffe, 2002). The coefficients defining
these linear combinations (factor loadings) are the correlation coeffi-
cients of each variable with that component. We used PCA with var-
imax normalized rotation to maximize the variances of the factor
loadings across variables for each factor (Kaiser, 1958).

Hierarchical cluster analysis (CA) is used to identify relatively
homogeneous groups of variables by combining them into
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agglomerative clusters until only one cluster is left (Everitt et al., 2011).
We used Ward's method with Euclidean distances as the criterion for
forming clusters. Dendrograms were constructed to assess the cohe-
siveness of the clusters formed. Because urinary metal concentrations
varied by differing orders of magnitude, we normalized each variable to
unit variance and zero mean before conducting PCA and CA. We ran
PCA and CA then compared the findings of PCA and CA to assess
common patterns between the two approaches.

We used one-way ANOVA to evaluate differences in geometric mean
urinary metal levels and in arithmetic mean PC values by participant
characteristics. Statistical analyses and graphical displays were per-
formed using STATA (StataCorp, Version 14.2) and R software (R
Studio Version 1.0.143, R Version 3.4.0).

3. Results
3.1. Metal levels in urine

The mean age of the study participants was 38 years. By design,
50% were male. Men had lower urinary Co and Mn and higher Se and
Zn compared to women (Table 1 and Fig. 1). Thirty percent of parti-
cipants were smokers and smokers were predominantly male (95%).
Smokers had higher urinary Ni and Zn levels compared to non-smokers.
Thirty-five percent of participants (36% of men and 33% of women)
reported chewing betel nut. Betel nut users had higher Cd, Co, Cs and Ni
levels compared to non-betel nut users. Male betel nut users had higher
Co, Cs and Tl levels compared to male non-users (Supplementary
Table 3). Female betel nut users had higher Cd levels compared to fe-
male non-users. Television owners, used as a marker of socioeconomic
status, had significantly lower As, Mo and W levels and higher Pb levels,
although associations with urinary As, Mo and W were attenuated after
adjustment for water As (Supplemental Table 4). Forty percent of par-
ticipants self-reported using fertilizers and/or pesticides. Those who
worked with pesticides had higher As, Mo, Ni, W and Zn levels. Levels
of urinary As and Mo were higher in farmers compared to men with
other occupations, whereas day laborers had higher mean Cs, Cu, Mo,
Pb, Se, Sr, Tl and Zn levels compared to men with other occupations.
Women who worked outside the home (4%) had higher Ba and Mn
levels and lower Zn levels compared to homemakers. Water As was
positively associated with urinary As, Mo and W levels. Water Mn was
moderately correlated with water As (r = 0.35, p < 0.0001, n = 135).
Water Mn was also positively associated with urinary As, Mn and Mo,
but not urinary W (results not shown).

3.2. Principal component and cluster analysis

Six PCs explained 80.1% of the total variance (Table 2). The six PCs
(% variance explained) were Sr-Ni-Cs (21.1%), Pb-TI (15.6%), As-Mo-
W (12.5%), Ba—Mn (10.7%), Cu—Zn (10.3%) and Cd (10.0%). Cluster
analysis showed similar although not identical patterns with PCA
(Fig. 2). The five clusters were Sr-Co-Ni, Pb-Se-Cs-T1, Cd-Cu-Zn, Ba-Mn
and As-Mo-W.

3.3. PCA commonalities with sociodemographic characteristics and
exposure sources

The first two components, Sr-Ni-Cs and Pb-TIl, were not related to
any of the sociodemographic characteristics investigated, including
smoking status and occupation (Table 3). For the third component, As-
Mo-W, there was a strong significant association between the compo-
nent and water arsenic levels (p < 0.001), TV ownership (a marker of
socioeconomic status) (p < 0.001), fertilizer/pesticide use (0.01) and
occupation among males (0.003). For the fourth component, Ba—-Mn
was associated with sex (p = 0.03) and occupation among women
(p = 0.001). The fifth component, Cu-Zn, was associated with sex
(p < 0.001), smoking status (p < 0.001), fertilizer/pesticide use
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Table 2
Standardized rotated factor loading and communalities for specific gravity
standardized metals (n = 199).

Component 1 2 3 4 5 6

As -0.16 0.12 0.63 0.09 —-0.16 0.22
Ba 0.16 0.08 —-0.08 0.61 0.10 -0.20
cd 0.02 —0.05 —0.01 0.03 0.15 0.64
Co 0.20 0.26 0.06 —0.02 —-0.23 0.36
Cs 0.52 —-0.03 —0.05 —0.01 -0.13 0.21
Cu 0.10 —-0.04 0.01 0.09 0.46 0.28
Mn —0.08 —-0.06 0.07 0.75 —-0.06 0.11
Mo 0.27 —-0.06 0.44 —-0.15 0.05 —0.08
Ni 0.55 -0.10 —0.01 —-0.05 0.03 0.06
Pb —0.03 0.60 0.06 —-0.03 0.15 —0.24
Se 0.09 0.38 —0.02 —-0.04 0.18 0.06
Sr 0.48 0.12 -0.03 0.10 —0.01 -0.31
Tl —-0.04 0.59 —-0.05 0.01 -0.12 0.15
w 0.05 —0.09 0.62 0.01 0.14 -0.19
Zn —-0.05 0.04 -0.01 -0.03 076 0.02
Eigenvalue 3.17 2.33 1.88 1.61 1.50 1.49
Total variance 21.11% 15.55% 12.51% 10.72% 10.27% 9.98%
Cumulative variance 21.11% 36.65% 49.17% 59.89% 70.16% 80.14%

Factor loadings are bolded if > 0.40.

(p = 0.004) and occupation among females (p = 0.03). The sixth
component, Cd, was associated with betel nut use (p = 0.003).

4. Discussion

We measured 15 urinary metals and assessed commonalities with
sociodemographic characteristics and potential sources of exposure in a
random sample of HEALS participants. Metal levels in our study were
similar to studies in Bangladesh (similar for As, Cd, Mn, Pb, Sb, Se, U
and Zn) (Berglund et al., 2011) and Cambodia (similar for As, Co, Cu,
Mo and Pb) (Chanpiwat et al., 2015) but differed from levels in the US
(lower As, higher Sb, Se and Zn) (Pang et al., 2016) (Supplementary
Table 5). PCA and CA showed similar patterns, resulting in six distinct
components and five clusters. The As-Mo-W component/cluster likely
reflects groundwater contamination, as the component (PC3) and each
of the metals were significantly associated with water arsenic levels.
One of the components/clusters (Sr-Ni-Cs/Sr-Ni-Co) may reflect air
pollution as a potential exposure source, as the component (PC1) was
not associated with any of the sociodemographic characteristics eval-
uated. The Cd component (PC6) appears to reflect betel nut usage but
could also be related to smoking.

4.1. PCA versus CA

Unsupervised dimensionality reduction methods, including PCA and
CA are useful during data exploration, particularly to generate hy-
potheses. Each method comes with its strengths and limitations when
applied to biomonitoring. While CA offers a useful visualization and
silos all elements into neat clusters, CA will always calculate clusters,
even if there is not a strong signal in the data. Further, because of its
hierarchical design, there is no ability to see potential cross-loading of
elements across multiple clusters. Alternatively, in PCA, only the
strongest PCs are presented and some of the weaker, but potentially
important, signals in the filtered data may be discarded. These differ-
ences likely explain why our PCA and CA results are not identical. For
example in our CA, Cd most strongly clustered with Cu and Zn, how-
ever, in our PCA, there is evidence that Cd loads on both PC6 and PC5,
indicating that there are multiple potential signatures for this element.
Taken together, PCA and CA are useful methods to characterize co-
exposure patterns.
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Fig. 2. Dendrogram of metals in urine in

4.2. Arsenic-molybdenum-tungsten

The As-Mo-W component/cluster supports that groundwater is an
important environmental source of exposure to these metals. This
finding regarding urinary metal concentrations is supported by two
tubewell surveys conducted in Bangladesh that found a correlation
between elevated water As levels and elevated Mo (BGS/DPHE, 2001;
Frisbie et al., 2002). Similar to the geochemical mechanism of As

Pb Se Cs

Tl

Cd Cu Zn Ba Mn As Mo W

199 HEALS participants. All metals standardized by specific gravity, log-transformed and centered before analysis.

release, Mo may co-occur with As in groundwater by desorption from
reduced iron oxides (BGS/DPHE, 2001). As far as we are aware, W in
water has not been measured in previous studies in Bangladesh. Arsenic
and W commonly co-occur in groundwater in parts of the United States,
India and China (Gao et al., 2018; Mohajerin et al., 2014). For instance,
a cluster between urinary As, W and U was found in the Strong Heart
Study, a multi-center study in American Indian communities in the
United States (Pang et al., 2016). Uranium, however, was very low in

Table 3
Mean Principal Component (PC) value by participant characteristics.
N PC1 PC2 PC3 PC 4 PC5 PC6
Sr-Ni-Cs Pb-T1 As-Mo-W Ba-Mn Cu-Zn Cd
Sex
Men 100 0.03 0.06 0.14 —-0.20 0.42 —-0.09
Women 99 -0.03 —0.06 -0.15 0.20 -0.43 0.10
p-value 0.8 0.6 0.1 0.03 < 0.001 0.3
Current smoker
Yes 60 0.24 0.08 0.23 -0.19 0.49 —0.02
No 139 -0.11 —0.04 —-0.10 0.08 -0.21 0.01
p-value 0.2 0.6 0.1 0.2 < 0.001 0.9
Betel nut user
Yes 69 0.31 0.10 —0.03 0.18 —-0.03 0.35
No 130 -0.17 —-0.05 0.02 —0.10 0.02 -0.19
p-value 0.07 0.5 0.8 0.1 0.8 0.003
Owns TV
Yes 58 —-0.05 0.24 —0.50 0.15 0.15 —-0.10
No 141 0.02 -0.10 0.20 —0.06 —0.06 0.04
p-value 0.8 0.2 0.001 0.3 0.3 0.5
Dye use
Yes 15 —-0.48 —-0.12 —-0.14 —0.42 —0.04 0.06
No 184 0.04 0.01 0.01 0.03 0.00 0.00
p-value 0.3 0.8 0.7 0.2 0.9 0.9
Fertilizer/pesticide use
Yes 81 0.16 —0.08 0.29 0.00 0.31 0.04
No 118 -0.11 0.06 —0.20 0.00 -0.21 —0.03
p-value 0.3 0.5 0.01 0.9 0.004 0.7
Occupation, male
Day labor 8 0.99 0.42 0.51 -0.28 1.10 0.49
Farmer 18 —-0.09 —0.45 0.92 -0.28 0.10 0.22
Factory 24 0.02 0.03 0.47 —-0.49 0.09 —-0.23
Other 50 —-0.08 0.20 -0.35 —-0.01 0.59 -0.24
p-value 0.5 0.4 0.003 0.2 0.09 0.2
Occupation, female
Homemaker 95 —0.01 —-0.02 -0.14 0.10 —0.38 0.10
Other 4 —-0.60 -0.93 -0.23 2.49 -1.58 -0.13
p-value 0.5 0.3 0.9 0.001 0.03 0.7
Water arsenic quartiles
< 15pg/L 50 0.37 —0.02 —0.82 -0.17 0.14 0.05
15- < 67 ug/L 50 —-0.38 -0.13 -0.15 0.20 -0.21 -0.07
67- < 167 pg/L 48 —-0.07 0.17 0.19 0.12 0.04 —-0.03
=167 ug/L 51 0.08 —0.01 0.78 -0.14 0.03 0.05
p-value 0.2 0.8 < 0.001 0.4 0.5 0.9
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our study (87% of participants had levels below the LOD of 0.02 pg/L)
and in a sensitivity analysis did not cluster with As (data not shown).
Relatively little is known about the health effects of W, although this is
a priority metal for risk assessment due to its increased use in many
industrial goods, including lightbulb filaments, jewelry, electronics,
ammunition and implanted medical devices (Bolt and Mann, 2016).
Tungsten and Mo interact in biological systems and W can replace Mo
and interfere with Mo-enzymes. In the Strong Heart Study, there was an
antagonistic interaction between urinary Mo and W levels, with higher
Mo showing protection from potential adverse effects of W on cardio-
vascular diseases. In a post-hoc analysis of water As, Mo and W levels
measured in a subset of water samples (n = 45) from HEALS partici-
pants (unpublished results), there was a relatively strong correlation
between water As and W (r = 0.63) and between As and Mo (r = 0.71)
but the correlation between water W and Mo was moderate (r = 0.49).
The likely co-occurrence of As-W-Mo in water in the HEALS population,
and the possible joint effects of these metals highlights the need to
evaluate the potential health effects of co-exposure to these metals
(Cheng et al., 2004).

4.3. Cadmium

In PC6, Cd was the only element with a factor loading > 0.40,
suggesting that the main source of Cd is distinct and specific compared
to other metals in the population; however, this PC also had smaller
positive loads for other metals including As, Co, Cs and Cu and in
cluster analysis, Cd clustered with Cu and Zn. Both PC6 and urinary Cd
levels were significantly associated with betel nut use. Betel nut (areca
nut) is a mild stimulant that is often mixed with tobacco leaves and
chewed. Betel nut may be a significant source of some metals, including
Cd (Al-Rmalli et al., 2011). However, research investigating the re-
lationship between metal levels in betel nut, or betel nut use, with
metal biomarker levels is sparse. A case-control study in Matlab, Ban-
gladesh found that betel nut use was a risk factor for developing As-
related skin lesions in women (Lindberg et al., 2010). Women who
chewed betel nut had considerably higher odds of having skin lesions
[OR = 3.8 (95% CI = 1.4-10)] compared to women who did not use
betel nut, after controlling for differences in As metabolites (%mono-
methylarsonic acid) (Lindberg et al., 2010). A follow-up study in the
same population found that female betel nut users had higher urinary
Cd levels (median = 0.96 pug/L) than women who did not use betel nut
(median = 0.84 pug/L) (Berglund et al., 2011). Our findings also support
that betel nut use may contribute to increased Cd exposure, particularly
among women (median urinary Cd among female betel nut
users = 0.59 ug/L vs 0.44 ug/L among female non-users). Cadmium
retention is known to be higher in women than men at equal levels of
exposure (Vahter et al., 2007). This sex-difference is related to lower
ferritin values in women caused by lower body iron stores (Flanagan
et al., 1978). Iron-deficient individuals have a higher Cd level because
of increased expression of the divalent metal transporter SLC11A2,
formerly DCT-1 (Gunshin et al., 1997; Vesey, 2010). This component
points to a new opportunity to further study the health consequences
associated with Cd exposure via betel nut use, particularly among
women and iron-deficient populations. Alternatively, this Cd compo-
nent could also reflect dietary exposure. An exploratory study in Ma-
tlab, Bangladesh, found that As and Cd are detected in both raw and
cooked rice and vegetables (Khan et al., 2010). Cadmium is believed to
enter the food chain in Bangladesh through the heavy use of Cd-con-
taining fertilizers and pesticides. In the Strong Heart Study, a cohort
study among American Indians in the US, PCA identified a Cd-Zn
component that was attributed to common metabolic pathways or
common dietary sources (Pang et al., 2016). The metal transporter
SLC11A2 has a broad substrate range, including Cd, Zn, Co and Cu
(Gunshin et al., 1997). Our cluster analysis found Cu, Zn and Cd to
cluster together, and in PCA, Cd, Cu and Zn also loaded on PC5, even
though Zn levels in our study were much lower (geometric
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mean = 153 ug/L) than that of the US population studied in the Strong
Heart Study (geometric mean = 907 pg/L). Surprisingly, the Cd com-
ponent (PC6) was not significantly associated with smoking status;
however, smokers had higher urinary Cd levels after stratifying by sex.
The lack of association between smoking and the PC for Cd may be due
to our small sample size or the particular type of cigarette smoked (the
questionnaire administered did not differentiate between regular ci-
garettes and bidis, which are locally produced cigarettes).

4.4. Strontium-nickel-cesium, lead-thallium

We were unable to identify a possible exposure source for the first
two principal components from the sociodemographic variables avail-
able in the HEALS database. The lack of any association suggests that
these exposures might be affecting the population as a whole, maybe
through air pollution or through a major staple food. Based on prior
research, we speculate that potential sources of metal exposure for
these elements is likely from air pollution sources, including biomass
and/or oil combustion (Begum et al., 2005) and potentially brick kilns
(Sikder et al., 2016). Air pollution sources have unique metal sig-
natures. For example, oil combustion-derived metals in Bangladesh
have been found to include a signature of sulfur, aluminum, and other
crustal metals (Begum et al., 2013) whereas brick kilns, one of the
fastest growing industrial sectors in Bangladesh (Guttikunda et al.,
2013), are known to emit several other metals, including Pb, Zn, Cu and
Ni (Sikder et al., 2016).

4.5. Strengths and limitations

The major study limitation is the small sample size, which was due
to budgetary restraints. Due to the sample size, we were not able to look
deeper into potential sources of metal exposure, for example 17 of 18
farmers reported using pesticides. There were also some discrepancies
in the characteristics of our study population subset and the larger
HEALS cohort, particularly by TV ownership and smoking status. The
sample, however, was obtained at random and we were able to leverage
the high quality and extensive HEALS data to examine differences by
relevant participant characteristics in the metal groupings. For some
metals, such as Mn, Pb, Se and Zn, urine is considered a less reliable
biomarker to assess exposure and internal dose (Abadin et al., 2007;
ATSDR, 2012; 2003). For all metals except arsenic we used samples that
had been stored for several years; however, metals were unlikely to be
affected by the storage/handling conditions (Scheer et al., 2012). These
data are likely relevant to the surrounding HEALS area and other rural
and semi-rural populations in Bangladesh and in other countries in the
region; however, results might not be representative for populations in
urban settings or for other rural communities with different socio-
economic, geological and climatological conditions.

5. Conclusions

We identified several distinct metal groupings likely related to
multiple sources of exposure. None of the PCs were more predominant
over the others, with the variability explained ranging from 21% for
PC1 (Sr-Ni-Cs) to 10% for PC6 (Cd). Groundwater, betel nut use and air
pollution are likely important sources of metal exposure in the HEALS
study population. Given the well-established health effects of As in
HEALS and the possibility that As interacts with other metals, these
findings can contribute to guiding future exposure assessment research
in rural Bangladesh and future epidemiologic research investigating the
degree to which metal mixtures play a role in disease development.
Future research and public health initiatives should focus on reducing
metal and metalloid exposure from groundwater and betel nut and on
identifying potential exposure to airborne metals.
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