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ABSTRACT

The Continuous NHANES Survey provides detailed health and environmental chemical bur-
den information on the U.S. population. As of 2012, there were data for 72,000 participants.
Based on single biomarker determinations, cumulative burdens were estimated. Because
age distributions would differ comparing ambient environmental and occupational expo-
sures, a procedure to distinguish ambient from likely occupational exposures was applied.
Associations are reported for osteoporosis and kidney disease-related outcomes with cad-
mium, lead, and other metals. Cumulative cadmium burden (from blood cadmium, ambient
and occupational) was a strong predictor of bone fracture risk and ambient tungsten also
had a positive association. Cumulative lead (ambient and occupational) had a negative
(“protective”) association with fractures as did mercury (occupational). Bone mineral density
was statistically significant and similarly predicted by metal exposures. Kidney disease was
significantly associated with cumulative lead burdens from both the estimated ambient and
occupational sources and with ambient blood cadmium but was most strongly associated
with cumulative occupational uranium burden. Systolic blood pressure statistically signifi-
cantly increased with cumulative ambient and occupational lead (blood) burden and with
ambient cadmium and cobalt. Diastolic blood pressure was significantly associated with sev-
eral cadmium and cobalt metrics along with ambient and occupational cumulative burdens
for lead. For environmental substances with burden half-lives measured in years, NHANES
offers opportunities for hypothesis generation and confirmation.
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Introduction

The Continuous National Health and Nutrition
Examination Survey (Continuous NHANES) is producing
a large observational database with detailed risk factors
for the U.S. population (National Center for Health
Statistics: National Health and Nutrition Examination
Survey. http://www.cdc.gov/nchs/nhanes/nhanes_question-
naires.htm, accessed 03-03-2015). It conducts a stratified
multistage probability survey of the civilian non-institu-
tionalized population of the U.S. on a 2-year cycle begin-
ning in 1999. Minor survey content revisions occur with
each cycle. At the end of the seventh survey iteration
(covering 1999-2012), 72,000 subjects had been surveyed.
In addition to detailed basic demographics, areas of inter-
est include self-report of medical history, physical exams,

a variety of physiological and behavioral measurements,
reproductive history, lifestyle history, a brief work history,
and determinations for a comprehensive array of chem-
ical species in blood or urine. Data in some areas of spe-
cial focus are collected only in selected survey periods.
This dataset, while rich in some kinds of informa-
tion but limited in others, nonetheless presents unique
opportunities for research in public health. The uses of
NHANES data have included determining population
distributions of chemical burdens of concern and, also,
the distributions of myriad medical conditions and
associated metrics. Other opportunities include both
hypothesis generation and testing in etiologic studies
with an environmental etiological focus. For example,
using NHANES data Gallagher et al. have investigated
cadmium in relation to osteoporosis and breast cancer
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(Gallagher et al. 2008, 2010), Patel et al. (2010) per-
formed epigenome-wide association studies (EWAS)
related to Type 2 diabetes, Xu et al. (2010) investigated
organochlorine pesticide associations with prostate and
breast cancer, and Patel et al. (2012) evaluated persist-
ent pollutants and nutrition in relation to serum lipids.

Worker populations have been the basis for many
studies supporting environmental risk assessments. For
example, U.S. EPA used the occupational epidemiology
literature in compiling the list of environmental pollu-
tants (n=>553) in their Integrated Risk Information
System (IRIS) database (http://www.epa.gov/IRIS/help_
ques.htm #whatiris, accessed 2009). Some IRIS-listed
chemical materials had insufficient experimental, toxi-
cological, or epidemiological evidence to support any
risk assessment (n =103 or 19%). Of the remaining 450
chemicals, 404 (73% of total) had insufficient human
epidemiological evidence for a quantitative risk assess-
ment (QRA), depending entirely on experimental/toxi-
cological data. But for the remaining 46 compounds
with QRAs based on human epidemiology (8.3%), half
came from occupational studies (25) and half came
from non-occupational (25) studies (including four
compounds with both types of studies).

While some studies have linked single biomarker
chemical determinations in NHANES data to existing
job-exposure matrices (JEM) (Allen et al. 2006;
McHugh et al. 2010), the absence of a detailed work
history and time-course of exposure limits such stud-
ies. In the present work, an attempt was made to dis-
tinguish ambient from occupational environmental
sources and then estimate from single NHANES bio-
marker determinations relative past exposures which
were then used to construct burden and cumulative
burden measures taking into account the biological
half-life of materials. This was a proof-of-concept
investigation. The overall methodological approach is
described and results are presented from investigating
two initial outcome areas of interest: (1) osteoporosis
and bone fractures and (2) kidney disease.

Methods

All Continuous NHANES subjects aged 20 and above
were selected from the years 1999 to 2012, numbering
38,024. Using the common identifier (SEQN), files were
aggregated across survey periods and merged across the
following domains: demographic, anthropometric, med-
ical questionnaire, occupational history, reproductive his-
tory, smoking history, physical examination, and
laboratory findings (in some cases, variable name and
coding changes across surveys required accommodation).

New variables were derived for, e.g, body mass index
(BMI) centered at 25, cumulative smoking exposure, edu-
cation, and socioeconomic status (SES) scales and out-
come measures. Education was coded as follows: 0 =
<9yr, 1 =9-12yr, 2 = high-school, 3 =some college, and
4=college degree. Cumulative smoking, in pack-years,
was estimated using several available related variables
including age starting continuous smoking, and cigarettes
per day; an indicator variable represented known smokers
for whom pack-yr could not be estimated. SES, as family
annual income, was coded as follows: 0 = <$20K, 1 =
$20-25K, 2 = $25-34K, 3 = $35-44K, 4 = $45-54K,
5 = $55-64K, 6 = $65-74K, 7 = $75K (surveys
1999-2006), 7 = $75-99K (surveys 2007-2012) 8 =
$99K or more (surveys 2007-2012). The education and
SES variables were specified as continuous linear effects
in statistical models.

Because a specific chemical determination may not
have been included in every survey period or was miss-
ing for some subjects when included in a survey, a
missing value variable was created (1 = missing, 0 = not
missing) to permit including all records in analyses.
The work history available was very limited (e.g., for
some survey years: longest held job, in broad industrial
categories). In the NHANES sampling scheme, samples
are stratified across demographic and geographic
groups to ensure representativeness and optimize stat-
istical power, and thus exhibit distributions that do not
describe the U.S. population. Generalization of the pre-
sent findings to the full population would require a
somewhat complex statistical adjustment (SAS, Cary,
NC; SUDAAN procedure). In this etiologic investiga-
tion, generalizing to the full population making use of
the sampling weights was not performed.

Exposures

Only one determination for a substance of interest
(e.g., cadmium in blood) is available for an NHANES
subject, current at the time of their survey and unre-
lated to occupational history. Using determinations for
metals (lead, mercury, cadmium, cobalt, antimony,
tungsten, manganese, uranium), both burden and
cumulative burden at time of survey were calculated
applying a whole-body half-life for each metal (Sugita
1978; Droz et al. 1991; Leggett 1994; Verma 2000;
Suwazono et al. 2009) (see Supplementary Online
Information, SOM 1). Because workplace exposures to
specific process emissions tend to be far higher than
ambient exposures to those agents, it was assumed that
subjects with high reported determinations probably
had a contributing occupational source which was
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Figure 1. Identification of subjects with exposure burdens above the 98™ percentile as likely occupationally exposed: (log) cad-

mium in blood.

quantified as follows: (1) regression models of the
measured (log) concentration were fit to age, age-
squared and age above 65, by sex; (2) the upper 98%
confidence limit of the predicted concentration value
was identified as a function of age and sex (Figure 1);
(3) if a subject’s concentration was below the 98%
upper limit then their ambient burden (BA), was set
equal to the observed burden concentration and their
occupational burden (BO) was set equal to zero; and
(4) if a subject’s concentration was above the 98%
upper limit, then their ambient burden, BA, was set
equal to the predicted burden for that age and sex, and
their occupational burden was set equal to their
observed burden minus BA.

Without an occupational contribution, the lifetime
constant environmental exposure (since age 20, from
inhalation, dermal, or ingested sources) that would
have produced the observed concentration (ambient
burden), was calculated (as a multiplier of an
unknown constant related to uptake), applying a
whole-body half-life for the burden, from which the
cumulative ambient burden was then calculated (SOM
1,2). If there was an occupational contribution, then a
similar calculation using the predicted burden was the
basis for the cumulative ambient burden, and the esti-
mated occupational burden was used to calculate
cumulative occupational burden using a sex- and age-

specific ratio of burden to cumulative burden (Burden
Factor, SOM 3), derived from a specified general pro-
pensity for employment in an exposed job, depending
on age and sex (Figure 2; SOM 3), and expressed on
an arbitrary scale.

The burden metric would be appropriate for exam-
ining reversible effects related to relatively recent
exposures (in terms of half-lives). The cumulative bur-
den metric would provide insight when health effects
accumulate and are irreversible (because a cumulative
burden can represent very different time courses of
exposure which would determine degree of reversal).
For cumulative but reversible health effects, the pre-
sent analyses would be inappropriate, requiring either
longitudinal biomarker determinations in individuals
or prior knowledge of the reversibility kinetics of the
health effects.

This was a new method for utilizing cross-sectional
biomarker exposure information. Propensity of
employment was based on general knowledge and,
of course, would vary across employers and sectors of
industry. For older subjects, this calculation estimates
much higher putative exposures occurring earlier in
life. Only biomarker exposure burdens were estimated
here. Actual airborne, dermal, or ingested exposure
history could not be estimated, although with linearity
of uptake one can assume some degree of
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Figure 2. Hypothetical age profiles for employment in jobs likely to have industrial exposures to toxic metals (for half-life =
10yr): a=men, b=women; RXP- relative exposure probability, B — burden, ¢B - cumulative burden, BF - burden factor to go
from observed occupational burden to cumulative burden (as function of age). B and cB displayed with arbitrary scale.

proportionality between measured steady-state bur-
dens and environmental exposures.

Non-detects for the NHANES biomarker samples
were insignificant for lead in blood (less than 1% of
samples), on the other hand, for cadmium in blood
non-detects comprised about 30%. The limit of detec-
tion for Cd was 0.11-0.14 ug/L whereas the top 1% of
samples ranged 2.6-10.8 ug/L or 20- to 80-fold higher
than the limit of detection. The median cadmium in
blood was about 0.33 pg/L, or three-fold above the limit
of detection for the ambient exposures. For statistical
models of exposure response, non-detects generally rep-
resent low levels and could be set to zero with minimal
impact, unless the intent is to estimate a nonlinear
exposure response at the low exposure end.

Outcomes

For osteoporosis/fractures, five questionnaire self-
report items were used to construct a bone fracture
score ranging 0-500 (Equation [1]). The score (OSQ)
was largely a function of numbers (square root) of
wrist, hip or spine fractures:
0SQ = 100 x {(“ever told...brittle bones : ” 0,1)

+ (“ever treated for osteoporosis:” 0,1)

+ sqrt(no. of hip fractures)/5

+ sqrt(no. of wrist fractures) /14

+ sqrt(no. of spine fractures)/10}/

(no. of non — missing answers)
(1)

The score took into account the maximum number
of fractures that could be reported (e.g., five for hip
fracture) and was designed to give diminishing weight

to each additional fracture at a specific site (e.g., hip)
assuming that such fractures are not independent. In
addition, bone mineral density (BMD, total femur) by
dual-energy X-ray absorptiometry (DEXA) was ana-
lyzed both as an independent and dependent variable.

For kidney disease, the outcome (KIQ) was a com-
posite of two questionnaire items (Equation [2]) with
maximum value of 3, and heavily driven by self-report
of dialysis. A small proportion of subjects answered
“don’t know” to question “ever told weak or failing
kidneys,” e.g., 0.2% during 2007-2008 survey; these
responses were set to “no.” Related to kidney disease,
other outcomes analyzed included systolic and dia-
stolic blood pressures and blood urea nitrogen (BUN).

KIQ = {(“ever told...” kidney disease : 0,1) + 5
x (“had dialysis in last 12 mon:” 0,1))}/2

(2)

Onset information was not generally reported,
e.g., for fractures or reported diagnoses (but available
for most cancers). Two prior hypotheses were the
well-known associations of (1) cadmium with bone
and kidney disease and (2) lead with kidney disease.
Other metals were examined for generating new
hypotheses.

Analysis

For all tested outcome associations simple linear rela-
tions with the constructed burden variables were ana-
lyzed with multiple linear regression (SAS V.9.3, Cary,
NC)). The regression estimates for the exposure
metrics were interpreted as exposure-response rela-
tionships. BMD as a dependent variable was log-trans-
formed for improved model fit. For the OSQ outcome



Table 1. Osteoporosis/fracture score (0SQ) predicted by
demographic and biomarker exposure risk factors with mul-
tiple linear regression.
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Table 2. Femur Bone Mineral Density (BMD, natural log) pre-
dicted by biomarker exposure risk factors (demographic risk
factors not displayed) with multiple linear regression.

Estimate

Parameter x100  SE x100 t Value® Pr > |t
Intercept 3.07 0.206 149  <0.0001
cum ambient burden, Cd_B 0.048 0.007 6.94 <0.0001
cum occup burden, Cd_B 0.022 0.005 489 <0.0001
cum ambient burden, Hg_B —0.001 0.002 -0.77 0.44
cum occup burden, Hg_B —0.003 0.001 —2.74 0.0061
cum ambient burden, Pb_B —0.020 0.002 —10.9 <0.0001
cum occup burden, Pb_B —0.003 0.001 —2.12 0.034
cum ambient burden, U_U 0.036 0.028 1.31 0.19
cum ambient burden, W_U 0.010 0.003 3.22 0.0013
Male —2.00 0.104 —19.2  <0.0001
Non-Caucasian —-1.32 0.103 —12.8 <0.0001
Education (0,1,2,3,4) 0.110 0.042 2.64 0.0083
SES (0,1,2,...8) —0.099 0.017 —5.73  <0.0001
Age-40 0.079 0.005 16.6 <0.0001
(Age—40)2 0.003 0.000 8.08 <0.0001
Age-65 if >65 —0.059 0.028 —2.13 0.033
BMI-25 —0.065 0.011 —5.81 <0.0001
(BMI-25)2 0.001  0.001 245 0014
Smoker, missing cum. smoking 0.194 0.240 0.81 0.42
cum. smoking, pk-yrs 0.002 0.002 0.77 0.44
Ever veteran (0,1) —1.52 0.155 —9.80 <0.0001

Notes: Osteoporosis score (0-500): mean 2.77, range 0-76, n=32,370; R?
= 0.105.

Reference = white women, age: 40, education: <9t grade, SES: <$20k
family income, BMI: 25, nonsmoking, non-veteran, SE - standard error
Cd_B - cadmium in blood Hg_B - mercury in blood Pb_B - lead in
blood, U_U - uranium in urine, W_U - tungsten in urine.

?Pr — probability of |t| by chance being as large as was observed; relative
values due to the observed non-normal distribution of residuals.

score the residual distribution violated model assump-
tions and the t-scores produced were interpreted only
as relative measures of association significance. For
the more significant associations (generally for
reported p-values less than 0.2), measures of excess
effect were calculated as (1) Effect Ratio (ER): the
ratio of the predicted outcomes to baseline values
(from intercept), evaluated at the 50™ and 90™ per-
centiles of the predicting ambient burden metrics, or
as (2) an absolute increase (e.g., blood pressure) at
those burdens. For subjects with non-zero occupa-
tional exposures, the occupational burden percentiles
were based on that subpopulation. Coding of demo-
graphic variables was such that the intercept repre-
sented the predicted outcome score for 40-yr-old
white, non-veteran, non-smoking women with educa-
tion of < 9yr, SES (family income) < $20,000, BMI
= 25 and zero exposure burdens.

The exposure response parameter estimates here
for ambient vs. occupational burden metrics cannot
be compared directly because the algorithm that dis-
tinguished ambient vs. occupational sources used an
arbitrary scale for propensity of occupational expos-
ure. To calculate ERs when there were both burden
and cumulative burden contributions for a metal, the
percentile of the combined (sum of) burden and

Parameter Estimate X100 SE x100 tvalue Pr > |t|°
Intercept —12.7 0466 —273 <0.0001
cum ambient burden, Cd_B —0.089 0.015 —5.88 <0.0001
cum occup burden, Cd_B —0.025 0.010 —2.52  0.012
cum ambient burden, Hg_B 0.020 0.004 5.39 <0.0001
cum occup burden, Hg_B 0.003 0.002 147 014
cum ambient burden, Pb_B 0.013 0.004 3.04 0.0024
cum ambient burden, U_U —0.127 0.061 —-2.09 0.037
cum occup burden, U_U —0.009 0.004 —2.22 0.026

Notes: Adjusted for sex, race, age, education, SES, BMI, smoking, veteran
status as in Table 1.

Intercept:  total femur  bone  mineral density (BMD) =
exp(0.01x —12.7)=0.88 gm/cm?, by dual-energy X-ray absorptiometry;
BMD: mean 0.97, range 0.33-1.82, n=13,255; R? = 0.424.

Reference = white women, age: 40, education: <9t grade, SES: <$20k
family income, BMI: 25, nonsmoking, non-veteran, SE — standard error.

“Pr — probability of [t| by chance being as large as was observed.

cumulative burden metrics (with weights from regres-
sion coefficients) were calculated.

Results

Over the period 1999 to 2012 the 38,024 NHANES
participants age 20 and above consisted of 52%
women, 53% non-Caucasian ethnic groups, primarily
African-Americans (SOM 4, Table S1). The exposure
metrics in the form of ambient burdens and cumula-
tive burdens for the metals analyzed were available for
between 8491 and 20,589 subjects depending on what
surveys sampled a specific metal (SOM 4, Table S2).

Osteoporosis and bone fractures

The OSQ fracture score, available for 32,370 subjects
from six surveys, ranged from 0 to 76 (maximum pos-
sible: 500), with mean 2.77. Male sex, non-Caucasian
race, veteran status, and elevated BMI and SES were
all protective risk factors, while age and education
were adverse risk factors (Table 1). Cumulative cad-
mium burden (from blood cadmium) was a strong
predictor of fracture risk, from both the estimated
ambient (t=6.9) and occupational sources (t=4.9).
Cumulative lead (ambient, t = -10.9, and occupa-
tional, t = -2.1), not hypothesized, had a negative
(protective) association as did mercury (occupational,
t = -2.7). Urinary uranium showed a weak associ-
ation (t=1.3), but cumulative ambient urinary tung-
sten had a stronger association with fracture score
(t=3.2). Although smoking was a statistically signifi-
cant predictor of blood cadmium levels accounting for
a 2.5% increase in the cumulative burden of ambient
blood cadmium per pack-year (data not shown), in
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Table 3. Predicted effect ratio (ER) for osteoporosis/fracture and bone mineral density at median and

9oth percentile biomarker exposure metrics.

Level of biomarker

Exposure in percentiles

50™ percentile

90" percentile

Predicted Predicted
Osteoporosis/fracture?
Parameter n 0sQ ER 0sQ ER
cum ambient burden, Cd_B 20589 463 1.07 5.47 1.26
cum occup burden, Cd_B 457 524 1.21 7.15 1.65
cum ambient burden, Hg_B 20133 432 1.00 425 0.98
cum occup burden, Hg_B 272 3.66 0.84 2.26 0.52
cum ambient burden, Pb_B 20133 3.83 0.88 2.49 0.57
cum occup burden, Pb_B 413 4,05 0.93 292 0.67
cum ambient burden, U_U 8491 439 1.01 4,56 1.05
cum ambient burden, W_U 9809 449 1.03 4,92 1.13
Femur Bone mineral density®
Parameter n logBMD ER logBMD ER
cum ambient burden, Cd_B 12791 0.886 0.995 0.873 0.98
cum occup burden, Cd_B 285 0.882 0.990 0.867 0.97
cum ambient burden, Hg_B 12791 0.894 1.003 0.903 1.01
cum occup burden, Hg_B 183 0.897 1.007 0.909 1.02
cum ambient burden, Pb_B 12791 0.894 1.003 0.902 1.01
cum ambient burden, U_U 4436 0.890 0.998 0.885 0.99
cum occup burden, U_U 87 0.889 0.997 0.849 0.95

@Osteoporosis/fracture score (0SQ) observed range = 0-76.

Baseline 0SQ = 3.070 — 2.0¥male — 1.32*non-Caucasian + 0.11*educ — 0.099*SES + 0.079*(age-40) + 0‘0025*(age—40)2
= 3.070 — 2.0%0.5 — 1.32*0.10 + 0.11%2 — 0.099*4 + 0.079*20 + 0.0025*400 = 4.34 for population: 50% men, 10% non-
Caucasian, HS education, family income $50k, age 60, BMI 25, non-smoking, non-veteran.

For exposure X: predicted 0SQ = baseline 0SQ + fx*X =4.34 + fx*X.

Effect Ratio, ER = predicted 0SQ/baseline 0SQ.

bBone Mineral Density (BMD) observed range = 0.33-1.82 gm/cmz.

Baseline BMD = exp(—.1273 + 0.118*0.5 + 0.0272*0.10 + 0.0046*2 + 0.0021*4 — 0.00311*20 — 0.000013*400) = exp(—.1273 +
0.118*male 4 0.0272* non-Caucasian -+ 0.0046*educ + 0.0021*SES — 0.00311*(age-40) — 0.000013*(age-40)*> = 0.891, for popula-
tion: 50% men, 10% non-Caucasian, HS education, family income $50k, age 60, BMI 25, non-smoking, non-veteran.

For exposure X: predicted BMD = exp(In(baseline BMD)+fx*X)= 0.89 *exp(Bx*X).

Effect Ratio, ER = predicted BMD/baseline BMD = exp(fx*X).

the osteoporosis prediction the smoking term itself
was very small and insignificant (Table 1).

BMD was assessed by DEXA determinations in four
of the NHANES surveys (covering 8yr). The prediction
of bone density by metals followed essentially the same
pattern as for fractures, highly statistically significant in
most cases (i.e., for Pb, Cd). Ambient (t=2.1) and
occupation (t=2.2) cumulative exposures to uranium
also predicted lower bone density; education was pro-
tective (higher bone density) (Table 2; SOM 4, Table
S3). Bone density itself was a very strong predictor of
(low) fracture risk (t = -14.7, R* = 0.10), eliminating
the metal contributions, substantially reducing the
effects of all other demographic risk factors, and revers-
ing the BMI effect (SOM 4, Table $4).

The effects of metal burdens on the fracture score
(for age 60) at the 50t percentiles of the burden met-
rics ranged from an Effect Ratio of 0.84 (protective)
to 1.21 (adverse) and at the 90 percentile, from 0.52
to 1.65 (for occupational cadmium cumulative bur-
den) (Table 3). For bone mineral density at the 90th
percentiles, the ER ranged 1.02 (protective) to 0.95

Table 4. Kidney Disease (KIQ) predicted by demographic and

biomarker exposure risk factors with multiple lin-
ear regression.

Estimate
Parameter x100  SE x100 t Value* Pr > |t
Intercept —0.296 0.452 —0.65 0.51
cum ambient burden, Cd_B 0.089 0.015 6.15 <.0001
cum ambient burden, Cd_U —0.013 0.002 —5.87 <.0001
cum ambient burden, Pb_B 0.028 0.004 6.95 <.0001
cum occup burden, Pb_B 0.027 0.003 9.39 <.0001
cum ambient burden, Sb_U 0.019 0.010 1.90 0.0571
cum ambient burden, U_U —0.163 0.066 —2.47 0.0134
cum occup burden, U_U 0.062 0.004 17.5 <.0001
cum ambient burden, W_U 0.030 0.008 3.88 0.0001

Notes: Adjusted for sex, race, age, education, SES, BMI, smoking, veteran
status as in Table 1.

Intercept = —0.296/100 = —0.003; Kidney disease score (0-3): mean
0.0231, range 0-3, n=33,072; R?> = 0.026. Reference = white women,
age: 40, education: <gth grade, SES: <$20k family income, BMI: 25,
nonsmoking, non-veteran.

SE - standard error, Cd_B - cadmium in blood, Pb_B - lead in blood,
Sb_U - antimony in urine, U_U - uranium in urine, W_U - tungsten
in urine.

?Pr — probability of |t| by chance being as large as was observed; relative
values due to the observed non-normal distribution of residuals.

(adverse). Thus, the 90™ percentile of occupational
cumulative burden for uranium was estimated to
result in a 5% loss of BMD.
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Table 5. Systolic BP (mm Hg) predicted by demographic and

biomarker exposure risk factors with multiple lin-
ear regression.
Standard

Parameter Estimate Error tvalue® Pr> |t
Intercept 112.6 0.504 223. <.0001

ambient burden, Cd_B 1.32 0.292 451 <.0001

ambient burden, Co_U —0.211 0.076 —2.77 0.0056

cum ambient burden, Co_U 0.011 0.002 474 <.0001

ambient burden, Pb_B 2.60 0.211 123 <.0001

cum ambient burden, Pb_B —0.085 0.007 —12.7 <.0001

cum occup burden, Pb_B 0.012 0.003 451 <.0001

occup burden, Sb_U 0.368 0.162 227 0.0231

cum occup burden, Sb_U —0.001 0.001 —2.24 0.0248

cum ambient burden, W_U —0.012 0.007 —1.84 0.0653

Notes: Adjusted for sex, race, age, education, SES, BMI, smoking, veteran
status as in Table 1.

Intercept: sysBP = 112.6mm Hg; sysBP: mean 124, range 72-270,
n=34212; R? = 0.268.

Reference = white women, age: 40, education: <gth grade, SES: <$20k
family income, BMI: 25, nonsmoking, non-veteran, Cd_B - cadmium in
blood Co_U - cobalt in urine Pb_B — lead in blood Sb_U - antimony in
urine, W_U - tungsten in urine.

®Pr — probability of |t| by chance being as large as was observed; relative
values due to the observed non-normal distribution of residuals.

Kidney disease

The kidney disease variable was available for all seven
survey periods. The strongest association of any met-
als was with occupational cumulative exposure to
uranium (t=17.5) followed by cumulative lead
(blood) exposures from both the estimated ambient
(t=6.9) and occupational (t=9.4) sources and ambi-
ent cadmium (blood, t=6.2) but negatively with
ambient (urinary) cadmium (t=5.9) (Table 4; SOM 4,
Table S5). Tungsten had an association comparable to
that of lead. Elevated BUN was predicted by both
ambient (t=6.6) and occupational (t=2.7) cumula-
tive cadmium but current cadmium burdens predicted
a reduction in BUN (SOM 4, Table S6). Cumulative
ambient tungsten increased BUN while cumulative
ambient antimony predicted lowered BUN.

Systolic blood pressure (sysBP), with intercept =
112.6, was elevated with cumulative occupational lead
burden (t=4.5) and also was predicted by a contrary
combination of ambient (adverse, t=12.3) and cumu-
lative ambient (protective, t=-12.7) lead burdens
(Table 5; SOM 4, Table S7). Ambient cadmium pre-
dicted higher sysBP (t=4.5) as did urinary cobalt but
with contrary contributions of burden and cumulative
burden (Table 5). Diastolic blood pressure (diaBP),
with intercept = 70.1, was statistically significantly
associated with several cadmium and cobalt metrics,
along with ambient and occupational cumulative bur-
dens for lead (SOM 4, Table S8).

The Effect Ratios (for age 60) for the kidney disease
score at the 50 percentile of burden metrics ranged
from 0.81 (protective with cumulative ambient
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uranium) to 3.96 (cumulative occupational lead)
(Table 6). At the 90 percentile in those thought to
have occupational exposure, the Effects Ratios for
cumulative occupational lead and uranium, respect-
ively, were 13.7 and 29.2. Systolic blood pressure was
elevated at the 90™ percentile of the predicting bur-
dens by 1.3 to 5.8 mmHg (Table 7).

Discussion

This investigation supports the utility of Continuous
NHANES for environmental exposure study distin-
guishing ambient and occupational sources, with a
special focus on whether meaningful population bio-
marker cumulative exposure metrics, such as cumula-
tive burden, can be constructed based on single
chemical determinations in individuals. For many
chronic disease outcomes, cumulative metrics would
be much more appropriate physiological predictors
than single current burden measurements. The
importance of the ambient vs. occupational distinction
arises in part from the different age distributions
expected for ambient vs. occupational exposures,
which would produce different cumulative burden
estimates. The separation of ambient and occupational
risk factors would be enhanced with more accurate
information on propensity of industrial exposure by
age and sex.

Among published studies estimating exposure
response using NHANES biomarker chemical concen-
tration determinations (through 2021) no examples
were found where investigators attempted to construct
cumulative exposure metrics given the absence of
individual-level exposure histories in the public-use
NHANES datasets. A number of published studies
using NHANES data have reported exposure response
in relation to cumulative exposure but by “cumulative
exposure” these studies were referring to aggregated
current exposures to mixtures such as heavy metals,
groups of pesticides, or classes of chlorinated com-
pounds or phthalates, in some cases combined using a
priori potency weights (e.g., Varshavsky et al. 2016).
Epidemiological exposure metrics representing expos-
ure accumulation over time have not been reported
using NHANES public-use data.

Osteoporosis

One concern in studying bone fractures is that meta-
bolic mobilization of metals during bone remodeling
after fracture could result in non-causal associations,
such as with cadmium (Berlin et al. 1995). However,
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Table 6. Predicted effect ratio for kidney disease (KIQ) at median and 90™ percentile biomarker expos-

ure metrics.
Level of biomarker exposure in percentiles
50" percentile 90™ percentile
Parameter n KIQ ER KIQ ER
cum ambient burden, Cd_B? 9005 0.0104 0.99 0.0155 1.47
cum ambient burden, Cd_U

cum ambient burden, Pb_B 25161 0.0170 1.61 0.0348 3.31
cum occup burden, Pb_B 477 0.0416 3.96 0.1441 13.7
cum ambient burden, Sb_U 10759 0.0129 1.23 0.0195 1.86
cum ambient burden, U_U 10760 0.0085 0.81 0.0012 0.12
cum occup burden, U_U 221 0.0288 2.74 0.3062 29.2
cum ambient burden, W_U 10728 0.0145 1.38 0.0265 2.52

Notes: Kidney disease score (KIQ) observed range = 0-3; baseline KIQ: from regression model for population: 50% men, 10%
non-Caucasian, HS education, family income $50k, age 60, BMI 25, non-smoking, non-veteran (Table 4) was small, negative
value; sample average KIQ = 0.023; BL KIQ with logistic regression (“told have kidney disease”) = 0.0105; (inter-
cept=—3.848; BL prevalence =exp(—3.848) = 0.021; KIQ score for “told have kidney disease” = 0.50; BL KIQ =

0.021*0.50 = 0.0105).

For exposure X: predicted KIQ = baseline KIQ + Bx*X =0.0105+ fx*X.
Effect Ratio, ER = predicted KIQ/0.0105, Cd_B - cadmium in blood, Pb_B - lead in blood, Sb_U - antimony in urine, U_U -

uranium in urine, W_U - tungsten in urine.
Percentiles of {0.089 x Cd_B — 0.013 x Cd_U} from Table 4.

against this hypothesis was the observation of dimin-
ishing lead and Hg associated with fracture. A
“protective” role for lead and mercury is a new
hypothesis but may represent confounding in that
occupations with those exposures could also have
higher levels of protective physical activity than other
occupations, for example, and other metabolic mecha-
nisms may be occurring. Observing reduced fractures
as well as increased BMD with lead argues against a
mere artifact of lead deposition increasing bone dens-
ity. Cadmium is a well-known toxic agent for bone
health, an association that has been observed previ-
ously within the NHANES dataset (1999-2008)
(Gallagher et al. 2008). The uptake of uranium in
bone from drinking water has been reported as a pos-
sible toxic threat (Kurttio et al. 2005) for which there
is support in the present findings with respect to bone
mineral density. The association of fractures with
tungsten is a new finding. Recent literature on envir-
onmental risk factors for osteoporosis includes several
studies based on NHANES (Elonheimo et al. 2021; Lu
et al. 2021). Evidence for a negative association
between biomarkers of current lead exposure and
BMD were reported without accounting for cumula-
tive burden and were in contrast to the positive asso-
ciation found here which was based on
cumulative burden.

In predicting fracture risk using BMD (SOM 4,
Table S4), the BMI risk factor becomes positive, sug-
gesting that injury risk (e.g., slips and falls) is playing
a role. Up to 25% of NHANES surveys records for
measuring bone mineral density by DEXA had miss-
ing values for some of the measurements. These miss-
ing values depended on age and other demographic

classification but also on the successful scheduling of
DEXA procedures. Although missing DEXA results
could have been associated with osteoporosis morbid-
ity (e.g., impairment) it can reasonably be assumed
that this association was not jointly dependent on
exposure status as well, and would have a minor effect
on the regression results reported here

Kidney disease

The effects of lead and cadmium on kidney health
have been studied extensively in the general and occu-
pational populations. Antimony had a smaller effect
than cadmium on kidney toxicity in the present study
as has been observed in lead workers reflected in ele-
vated N-acetyl-f-D-glucosaminidase (NAG) (Shelley
et al. 2012). A study using NHANES data observed a
positive association between adverse renal outcomes
and current blood cadmium and lead levels, and a
negative association with cadmium in urine (Buser
et al. 2016), findings consistent with those reported
here based on cumulative burden estimates. Uranium
in drinking water was weakly associated with proximal
tubular function but not glomerular function at low
levels (Kurttio et al. 2002). The large estimated ER for
cumulative occupational uranium burden but smaller,
negative, and less significant effect for ambient cumu-
lative uranium remains unexplained; most ambient
uranium exposures may be quite small: the median
ambient uranium urinary burden was 0.065 vs. 2.8 ng/
g for cadmium (SOM 4, Table S2) and the mean
ambient levels may have been diminished by samples
below the limit of detection. Acute effects have been
reported for tungsten exposures (not combined with
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Table 7. Predicted and excess systolic blood pressure (mm Hg) at median and 90™ percentile biomarker exposure metrics.

Level of exposure in percentiles

50" percentile 90™ percentile

Parameter N Predicted Excess Predicted Excess

ambient burden, Cd_B 24481 125.7 0.4 126.6 1.3

ambient burden, Co_U? 11628 125.5 0.2 126.7 1.4
cum ambient burden, Co_U

ambient burden, Pb_B® 24028 126.5 1.2 128.6 33
cum ambient burden, Pb_B

cum occup burden, Pb_B 451 126.7 14 131.1 58

occup burden, Sb_U¢ 219 126.7 14 129.3 4.0

cum occup burden, Sb_U

Notes: Baseline sysBP = 112.6+3.22*male + 1.98*non-Caucasian — 0.37*educ — 0.167*SES + 0.447*(age-40) + 0.0084*(age-40)> =
112.6 +3.22*0.5 4 1.98%0.10 — 0.37*2 — 0.167*4 + 0.447%20 + 0.0084*400 = 125.3 mm Hg, for population: 50% men, 10% non-Caucasian, HS education,

family income $50k, age 60, BMI 25, non-smoking, non-veteran; for exposure X: predicted sysBP = baseline sysBP + fx*X =125.3+ Byx*X.
Excess sysBP = fix*X, Cd_B — cadmium in blood, Co_U - cobalt in urine, Pb_B - lead in blood, Sb_U - antimony in urine.

#Percentiles of {-0.211 x Co_U 4 0.011 x Co_U} from Table 5.
bPercentiles of {4+2.60 x Pb_B — 0.085 x Pb_B} from Table 5.
“Percentiles of {+0.368 x Sb_U — 0.001 x Sb_U} from Table 5.

cobalt as in tungsten carbide tools) in humans
(Gbaruko and Igwe 2007). A study of chronic kidney
disease in a population with elevated tungsten concen-
trations in drinking water observed a positive associ-
ation with incremental cumulative burden of tungsten
(in urine, longitudinal samples) (Fox et al. 2021), a
finding replicated in the present study.

Effects of toxic metals could impact blood pressure
unrelated to kidney disease. Cobalt, observed here
associated with increased sysBP, is a known cause of
cardiomyopathy. No excess blood pressure was
observed in a population of cobalt exposed workers
(Linna et al. 2004) but those workers did have echo-
cardiographic changes. BUN, a nonspecific measure of
kidney function, showed several associations in both
directions with the metals analyzed here.

As Weaver et al. (2016) pointed out, blood and
urine biomarker associations with kidney dysfunction
may be caused by the dysfunction rather than causing
it, and conceivably causation is acting in both direc-
tions in some cases. If renal impairment is increasing
blood levels of some metals such as cadmium (Table
4), it could be exacerbating risk of bone fracture for
those metals, but it is difficult to hypothesize a mech-
anism for a protective effect for lead, for example.

The on-going debate on the direction of causality
in these renal effects would perhaps benefit from stud-
ies with estimates of cumulative burdens. Findings
from an NHANES-based study of metabolic syndrome
(Noor et al. 2018) and many others also pose the
question of the importance of cumulative exposures.

Inherent limitations and methodological issues

In addition to inherent limitations in NHANES data
(self-report, unknown onset, single measurements,

limited work history), in the present analyses there is
additional uncertainty in (1) burden half-life, (2) esti-
mation of burden metrics from biomarker determina-
tions, (3) unknown time courses of individual
ambient and occupational exposures, and (4) choices
in constructing outcome scores. These would tend to
diminish effect estimates and model fit. Half-life for a
substance varies across tissue and depends on expos-
ure history, including current intake, and deposition,
so that blood (or urine) levels may be a poor measure
of body burden. Nonetheless, there were clear findings
representing well-known associations and possibly
other new observations. For some findings both ambi-
ent and cumulative effects were observed, sometimes
with opposite sign. This could be a consequence of
misclassification arising from the algorithm employed
in constructing the specific burden and cumula-
tive burdens.

Treating chemical determinations below the limit
of detection as zero exposure could lead to over-esti-
mating regression model intercepts which would tend
to underestimate the corresponding exposure-
responses. In regression models with multiple expos-
ure risk factors the effect of one exposure having a
high proportion of non-detects would be small; there
were no non-detects for the occupational estimates as
they were based on NHANES records selected for
high biomarker values. For metal exposures having
relatively short half-lives, the occupational burden and
cumulative burden estimates will necessarily have high
variance, especially for subjects no longer working
and those retired who would have small residual occu-
pational burdens at survey. This could account for the
extreme maximum values obtained for some occupa-
tional burdens, especially for cobalt with two-year
half-life (SOM 3). Different age profiles were specified
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by sex for participation in exposed jobs. This may
have generated artifactual interactions between sex
and burden metrics, and bias in the sex effect esti-
mates. These were not investigated.

The OSQ and KIQ scores in multiple regressions
exhibited residual distributions that were not consist-
ent with estimation of parameter variance in linear
models and therefore the t-values (and P-values)
reported are not good estimates for parameter preci-
sion. However, their relative values are likely indica-
tive of strength of association. In the case of OSQ, the
BMD regression estimates had uniform, Gaussian
residuals which supported the OSQ findings, as did
the sysBP results in the analysis of kidney disease.

Failing to adjust for the sampling design would
affect exposure-response estimates if there was effect
modification, for example if the true exposure response
depended on age, gender, smoking, or BMI. In this
situation, of course, the SUDAAN adjustment would
also be biased unless those effect modifications were
addressed in modeling with interaction terms. The pre-
sent analysis, as an exercise in hazard identification,
did not attempt to examine effect modification. In gen-
eral, etiologic generalization from NHANES data would
be no less valid than generalization from well-executed
case-control study designs which also sample the popu-
lation at risk. The fundamental premise here and in
the NHANES sampling design is that the underlying
physiology is common to the full and sampled popula-
tions. A study utilizing Continuous NHANES Survey
data that examined phthalate metabolites in relation to
heart disease also justified analysis without the sam-
pling weight adjustment (Sturgeon et al. 2016).

The construction of the four exposure metrics
related to ambient and occupational burdens and
cumulative burdens could lead to important multicolli-
nearity. However, only about 2.5% of subjects were
assigned non-zero occupational exposures so the collin-
earity between ambient and occupational metrics would
be small. Between burdens and cumulative burdens
there would be association; significant parameter esti-
mates were observed for these pairs of variables, some-
times with opposite signs. But the construction of the
burden variables, depending on half-life and age, would
reduce the collinearity. A more important source of the
conflicting parameter signs is probably the departure of
the age dependence of environment exposures from
that assumed: constant for ambient and following a
plausible profile for occupational. The combinations of
ambient and cumulative ambient metrics were appar-
ently better predictors than either alone and were used
to estimate excess blood pressure (Table 7). Similarly,

prediction from cadmium blood and urine biomarkers
was combined for kidney disease (Table 6).

Conclusion

As demonstrated for two outcomes and environmental
exposures to toxic metals, continuous NHANES sur-
vey data provide opportunities for enhanced explora-
tory environmental epidemiology and hazard
identification. Outcomes that may be amenable to the
present approach are somewhat limited to investigat-
ing chronic diseases and exposures with irreversible
effects that have body burden half-lives measured in
years, or outcomes that have reversible effects associ-
ated with current burdens. Many organic compounds
of interest, such as bis-phenol-A (BPA), have relatively
very brief residence times in the body. For materials
with low ambient exposures this method may be opti-
mal and unique but subject to the limitation of single
determinations of blood or urine concentrations for
the agent of interest. The method could be applied for
cancer outcomes in NHANES as well as for many
other non-cancer end-points.
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