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Per- and poly-fluoroalkyl substances and bone

mineral density

Results from the Bayesian weighted quantile sum regression

Elena Colicino,* Nicolo Foppa Pedretti,? Stefanie A. Busgang,? Chris Gennings®?

Background: Per- and poly-fluoroalkyl substances (PFAS) are chemicals, detected in 95% of Americans, that induce osteotox- \
icity and modulate hormones, thereby influencing bone health. Previous studies found associations between individual PFAS and

bone mineral density in adults but did not analyze their combined effects.

Objective: To extend weighted quantile sum (WQS) regression to a Bayesian framework (Bayesian extension of the WQS regression
[BWQS]) and determine the association between a mixture of serum PFAS and mineral density in lumbar spine, total, and neck femur
in 499 adults from the 2013 to 2014 National Health and Nutrition Examination Survey (NHANES).

Methods: We used BWQS to assess the combined association of eight PFAS, as a mixture, with bone mineral density in adults.
As secondary analyses, we focused on vulnerable populations (men over 50 years and postmenopausal women). Analyses were
adjusted for sociodemographic factors. Sensitivity analyses included bone mineral density associations with individual compounds
and results from WQS regressions.

Results: The mean age was 55 years old (SD = 1) with average spine, total, and neck femur mineral densities of 1.01 (SD = 0.01),
0.95 (SD = 0.01), and 0.78 (SD = 0.01) gm/cm?, respectively. PFAS mixture levels showed no evidence of association with mineral
density (spine: f = —=0.004; 95% credible interval [Crl] = —=0.04, 0.04; total femur: = 0.002; 95% Crl = —0.04, 0.05; femur neck:
B =0.005; 95%Crl = —0.03, 0.04) in the overall population. Results were also null in vulnerable populations. Findings were consistent
across sensitivity analyses.

Conclusions: We introduced a Bayesian extension of WQS and found no evidence of the association between PFAS mixture and
bone mineral density.

Key Words: Per- and poly-fluoroalkyl substances (PFAS); Bone health; Bone mineral density; Mixture; Bayesian weighted quantile

sum regression

Introduction

As the population ages, low bone mineral density has emerged as
a public health concern because it is related to fractures, morbid-
ities, hospitalizations, and premature mortality.!? Deterioration
of bone mass differs between the sexes, with a higher prevalence
in women. About 10% of women over 50 years of age suffer
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from low bone mineral density, but only 2% of men of the same
age have similar bone deterioration.? Traditional risk factors
associated with decreased bone mineral density include chrono-
logical age, family history of bone disease, suboptimal high-im-
pact physical activity, and smoking.* However, recent evidence
suggests that environmental exposures, including air pollution,
lead, cadmium, and mercury, are associated with lower bone
mineral density and higher risks for osteoporosis.’~

Per- and poly-fluoroalkyl substances (PFAS) are synthetic
organic chemicals that have been used extensively in indus-
trial processes and commercial applications since the 1950s.
These chemicals are widely used and persist for long periods of
time, resulting in increased levels of environmental contamina-
tion.”!® The primary sources of human PFAS exposure include
migration from food packaging and cookware, drinking water,
indoor air, and house dust.!! PFAS have been detected in vivo in
human tissue samples'>'® in 95% of the US population.'* PFAS
are poorly metabolized and excreted slowly from the human
body, with half-lives of 4-8 years." Previous human and animal
studies showed that PFAS bioaccumulate in bones, with perfluo-
rooctanoate (PFOA) being predominant.'®!” Due to their limited

What this study adds

We introduced a novel Bayesian extension of weighted quan-
tile sum (WQS) regression, reducing assumptions and limita-
tions of the classical approach. We then applied this method
to assess the combined association of several forms of serum
per- and poly-fluoroalkyl substances (PFAS) as a mixture with
bone mineral density in 499 US adults from the 2013 to 2014
cycle of the National Health and Nutrition Examination Survey
(NHANES).
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susceptibility to degradation and slow elimination by bodies,
human exposure to PFAS is of increasing concern.!$"

The toxicity of PFAS to bones has been reported in human and
animal studies, with high PFAS concentrations associated with
adverse skeletal outcomes, suggesting that bones are target tissues
for PFAS toxicity.?® In rodents, exposure to PFAS was negatively
associated with bone structure and biomechanical properties.?!
Bone cell cultures showed increased bone resorption activity at
low, albeit environmentally relevant, PFAS concentrations in
human bone marrow and peripheral blood—derived osteoclasts,
through the effect of PFAS on the cytokine and clastokine profiles
during cell differentiation.?’ In human studies, bone PFAS concen-
trations and relative bone volume have been correlated, but results
are still inconclusive. In a few cross-sectional studies, serum levels
of a few PFAS were negatively associated with bone mineral den-
sity only in women,?>?* but findings for most compounds are null
in the general US population.? In addition, all previous studies in
adult populations focused on the association between individual
PFAS and bone health outcomes; however, given their ubiquity
and persistence, exposure likely occurs to many PFAS simultane-
ously. Those studies failed to account for the correlation structure
among PFAS or to consider PFAS exposure as a mixture. Statistical
approaches, taking into account mixtures, estimate the overall
association of all combined exposures with the health outcome,
incorporating the correlation structure among exposures, thereby
limiting both collinearity effects and standard-error inflation.?*

Environmental health studies have applied the weighted
quantile sum (WQS) regression to assess the mixture effect of
multiple co-occurring exposures and to identify the driving
exposures in the mixture. Briefly, the WQS regression summa-
rizes the overall exposure to the mixture by estimating a single
weighted index and accounts for the individual contribution of
each component of the mixture by using weights.?2* The WQS
regression splits the dataset into two subsets, a training set (gen-
erally 40%), and a validation set (the remaining 60%). In the
training set, this approach estimates the weights in an ensemble
step averaging results across bootstrap samples, and in the val-
idation subset, it estimates the coefficient mapped to the mix-
ture, conditionally to the estimated weights.?***” This internal
random-split validation technique reduces the statistical power
of the WQS regression?® and may lead to unstable estimates.?’
The WQS regression also requires a priori selection of the direc-
tionality (positive or negative) of the coefficient associated with
the mixture, and it conditions on the weights in the weighted
index for testing for significance using the holdout validation
set. As such, it does not provide diagnostics (confidence intervals
and P values) about the weights of the mixture components.?*-¢

Here, we proposed a novel Bayesian extension of the WQS
regression (BWQS) to overcome its limitations and to illustrate
the method for assessing the combined association of several
forms of serum PFAS as a mixture with bone mineral density
in 499 US adults from the 2013 to 2014 cycle of the National
Health and Nutrition Examination Survey (NHANES).> We
also stratified our analysis for two vulnerable populations, men
over 50 years of age and postmenopausal women. This novel
approach estimates diagnostic statistics for all estimated param-
eters, without requiring a priori selection of the directionality of
the coefficient associated with the mixture and it does not per-
form any splitting of the original dataset, thus improving statis-
tical power and stability of the estimates. Here we described the
BWQS approach supported by examples with synthetic data.

Methods

Study population

The NHANES is an ongoing survey of the noninstitutionalized
US adult population designed to assess their health and nutri-
tional status.>® After providing informed consent, participants
visited a mobile examination center for standardized physical
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examination and collection of biological specimens, which were
used to assess exposure to environmental chemicals. All study
protocols were approved by the National Center for Health
Statistics research ethics review board.** In our analyses, we
included the 2013-2014 NHANES cycle, in which both bone
mineral density and serum PFAS concentrations were measured
and had not been previously studied. The 2013-2014 cycle also
included four (linear and branched) PFAS isomers that were not
measured in any previous NHANES cycles. For both evalua-
tions, the selection of NHANES participants was random and
designed to maintain the original NHANES characteristics, as
previously described.'*3" We excluded NHANES participants
with missing information about bone mineral measurements
(N = 7,060) or serum concentrations of PFAS (N = 1,450) and
those with missing information on covariates (smoking and
physical activity) or with bilateral oophorectomy (N = 74). A
total of 499 adults (240 years) was included in the main anal-
ysis. Secondary analyses were performed on 115 men over 50
years and 117 postmenopausal women. Postmenopausal women
included women over 60 years old or women who had not had a
menstrual period in the previous 12 months. We excluded from
the analysis postmenopausal women using hormone replace-
ment treatment or taking parathyroid medication (N = 45) due
to their influence on the endocrine system (Figure 1).

Bone mineral density assessment

Bone mineral density (g/cm?) was measured using dual X-ray
absorptiometry (Hologic QDR 4500A fan-beam densitometers;
Hologic Inc., Bedford, MA).> Antero-posterior lumbar spine
mineral density was scanned, and mean density was computed
for the first through fourth lumbar vertebrae. For the total and
neck femur mineral density, the left hip was routinely scanned.
If a left-hip replacement or metal objects in the left leg were
reported, the right hip was scanned. Participants were excluded
from the femur scan if they had bilateral hip fractures, bilat-
eral hip replacements, or pins. Participants weighing > 300 lbs
(136kg) or pregnant women (defined by self-report or posi-
tive urine pregnancy test) were ineligible for the examination.
Femur neck has been proposed as the reference skeletal site
for defining osteoporosis in epidemiological studies,* whereas
the total femur had been used as a benchmark for osteoporo-
sis in the national Healthy People program.? Each subject’s

9083 NHANES
participants

2023 Participants with
bone mineral density

573 Participants with
PFAS measurements

499 Participants without
missing covariates or

bilateral oophorectomy

|
v v

115 Men over 117 postmenopausal
50 years old women

Figure 1. Selection of the National Health and Nutrition Examination Survey
(NHANES) participants.
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scan was reviewed in the Department of Radiology, University
of California, using standard radiological techniques and
NHANES protocols.?

Serum PFAS measurements

Analysis of 12 PFAS in serum was conducted at the National
Center for Environmental Health in a random one-third sub-
sample of nonfasting participants; the NHANES characteris-
tic proportions were maintained.'*! Briefly, serum PFAS were
measured using automated solid-phase extraction coupled to
isotope-dilution high-performance liquid chromatography- tan-
dem mass spectrometry.'* The complete list of PFAS with their
acronyms is included in eTable 1; http:/links.lww.com/EE/A83.
In our analyses, we excluded four PFAS because their concen-
trations were below the limit of detection for more than 60%
of samples (eTable 1; http:/links.lww.com/EE/A83). For the
remaining PFAS, when concentrations were less than the limit
of detection, a value equal to the limit of detection divided by
the square root of two was used in the analyses.

Statistical methods and analyses
The Bayesian WQS (BQWS) regression

Let the values for the correlated mixture components C be
scored into quantiles (q) for the j-th component (j = 1,..,C) and
the i-th (i = 1,...,N) participant. We modeled the association
between the overall mixture and the outcome Y using a general-
ized linear model framework

C
g ) =Ly+8 [ZW, 4,',']+ Zy
=

where p, = E(y,), B, is the intercept, and {3, is the coefficient
(4

mapped to the 'weighted index (ZLU]- g;;); 8(.) is link func-
j=1

tion; and vy is a vector of K coefficients mapped to the matrix

of K covariates Z.. Similar to WQS regression, we modeled the

weight w, for exposure to the j-th component as an arbitrary

function, taking values between 0 and 1, and the sum of all mix-

ture weights to be equal to 1.

The BWQS regression required specification of the link func-
tion, similar to the frequentist approach, and prior probability dis-
tributions on all parameters, differently from WQS regression. The
general assumption for the distribution of each parameter was an
uninformative prior, which is defined as a probability density func-
tion with no information about the initial distribution, mean, and
SD of each parameter. Weak or uninformative priors are generally
represented with Normal distributions centered in 0 and with a
large variance. This implies that the estimate of the mixture-out-
come association can assume all values in the domain of positive
and negative real numbers, without selecting a priori the direction-
ality of the association. Weakly and uninformative priors are rec-
ommended when we have limited, inconsistent or no information
about the mixture-outcome relationship, such as in our case with
PFAS mixture and bone mineral density. Informative priors can be
chosen and embedded in the model when prior information about
the mixture-outcome association is known. The BWQS regres-
sion computes all posterior probability distributions leveraging a
Hamiltonian-Monte Carlo algorithm, which is among the most
efficient algorithms for reducing correlation between sample states
and thus removing instability of the estimates.?**

The link function assumed the following forms:

(1) logit link function: y, ~ binomial (1, i), when Y was binary;

(2) identity link function: y~Normal(p, 0?), with an unin-
formative prior for 0°~IGamma(0.1,0.1), when Y was
continuous.

www.environmentalepidemiology.com

Priors for the coefficients were uninformative and were sum-
marized by normal distributions with large variance [Bf,~
Normal(0, 100); y,~Normal(0, 100) for each k = 1,...,K]. Priors
for the weights were modeled as a unit-simplex in order to have
ngn—negative weights (w, €10,1]) and to sum all weights to one

(ZM/Z- =1). The natural choice was the Dirichlet distribution
j=1

with the same density on each vertex for each component of the
mixture; i.e., w = (W, ..., W) ~ Dirichlet(a = [at,,...,a..]). The a
parameter can be selected a priori equal to 1, when investigating
the entire domain of the distribution uniformly.

This BWQS approach can be useful when there is no infor-
mation about the mixture-outcome association because it does
not select a priori the directionality of that association. The esti-
mated coefficient mapped to the mixture identifies the association
between the overall mixture and the outcome, whereas the esti-
mated coefficients mapped to the weights identify the relative con-
tribution of the corresponding components to the mixture. Results
on simulated datasets, showing the accuracy of the estimates of
BWQS, are included in the supplemental material (eFigure 8;
http:/links.lww.com/EE/A83-510; http:/links.lww.com/EE/A83).

Statistical Analysis

We estimated the correlations among PFAS and then per-
formed BWQS regression in which bone mineral density (con-
tinuous)—in lumbar spine, total femur, and femur neck—was
associated with mixtures of PFAS. All analyses vwere adjusted
for race/ethnicity (white, black, Hispanic and other races), age
(continuous), sex, physical activity (low-moderate or high),
poverty-income ratio (continuous), and smoking status (never
or ever smoked). All variables were selected based on previous
association with the outcome.®”?3 Priors for all coefficients were
uninformative: Normal(0,100). Secondary analyses focused on
two vulnerable populations—men over 50 years old and post-
menopausal women.

As sensitivity analyses, we assessed the associations between
the PFAS mixture and mineral density in lumbar spine, total
femur, and femur neck by using the frequentist WQS regression,
for the overall population. In supplemental material; http://
links.lww.com/EE/A83, we provided the R? for both BWQS and
WQS regressions. We also used Bayesian linear regression to
determine the association of each PFAS compound with bone
mineral density in the overall population. We combined isomers
from the same families (i.e., perfluorooctane sulfonate [PFOS])
to compare our results with previous findings. We also evaluated
how the associations changed, including PFAS detected in at
least 60% of samples, excluding women on hormonal replace-
ment therapy and adjusting for the intake of calcium, and
vitamins (K and D). We applied the BWQS regression on post-
menopausal women from the 2009 to 2010 NHANES cycle.
All analyses were weighted according to the NHANES weights,
appropriately rescaled for the selected subsample, as described
on the Centers for Disease Control and Prevention web site and
in previous studies.?>*** We used R version 3.5.1 for all analyses.

Results

Study population characteristics

Adults included in our main analysis were 55 years old on average
(SD: 0.6), mostly Caucasian (49%), never smoked (60%), reported
physical activity below the optimal level (66%), and had an aver-
age poverty-income ratio of 2.9 (SD: 0.9) (Table). On average,
spine and (total and neck) femur mineral densities were 1.01 (SD:
0.01), 0.95 (SD: 0.01), and 0.78 (SD: 0.01) g/cm?, respectively.
Bone mineral density was different by sex, with postmenopausal
women having lower density (P<0.05). In all groups, serum con-
centrations of the linear and branched PFAS isomers (linear-PFOA
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[n-PFOA], linear-perfluorooctane sulfonate [n-PFOS], and
monomethyl branched isomers of PFOS [Sm-PFOS]) were
higher than all other PFAS levels (perfluorohexane sulfonic acid
[PFHxS], perfluorononanoic acid [PFNA], pefluorodecanoic acid,
2-(N-methyl-PFOSA) acetic acid, and perfluoroundecanoic acid)
(Table). All serum PFAS concentrations were positively correlated
with each other and showed similar patterns across populations
(Figure 2, eFigure 1; http://links.Iww.com/EE/A83).

BWQS regression characteristics

We employed the BWQS regression to identify the association
between the mixture of PFAS in subjects’ serum and bone min-
eral density in spine, total and neck femur, in all adults together
and in the most vulnerable populations separately.

PFAS concentrations were categorized into quartiles, and
we set the main parameters of the Hamiltonian-Monte Carlo
chain to optimize the accuracy and speed of the models. In total,
we set 1,000 iterations, of which 500 were burn-in and 3 were
thinned. All parameters showed no autocorrelation between
subsequent iterations, and had a potential scale-reduction sta-
tistic (R ) approximately equal to 1, thus indicating optimal con-
vergence of the chain (eTable 2; http:/links.lww.com/EE/A83).
The potential scale-reduction statistic (R) indicates the good-
ness of convergence of the Hamiltonian chain. Values approxi-
mately equal to 1 represent optimal convergence of the chain to
the equilibrium distribution.

Results in the overall adult population

In the overall adult population there was no evidence of asso-
ciation between the PFAS mixture and bone mineral density in
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lumbar spine (B = -0.004, 95% credible interval [CrI] = -0.04,
0.04), total femur (f = 0.002, 95% Crl = -0.04, 0.05), or femur
neck (f = 0.005, 95% CrI = -0.03, 0.04). Components of the
mixture contributed approximately equally to the mixture in
the outcomes for the overall population (Figures 3; eTable 2;
http://links.lww.com/EE/A83).

Sensitivity analyses in the overall adult population

Results from sensitivity analyses using the frequentist WQS
approach, assuming a negative direction between PFAS mix-
ture and bone mineral density, were similar to those of BWQS.
We found no associations between the PFAS mixture and all
outcomes (lumbar spine: § = -0.01, P = 0.69; total femur:
B = -0.01, P = 0.51; femur neck = -0.004, P = 0.82) using
a validation set of 70% (eFigure 2; http://links.lww.com/EE/
A83, eTable 3; http://links.lww.com/EE/A83). Results from
both BWQS and WQS regressions showed similar R? (eTable
4; http:/links.Iww.com/EE/A83). Individual PFAS analyses
showed a weak negative association among Sm-PFOS and all
bones (lumbar spine: = -0.02, 95% Crl = -0.03, -0.009; total
femur: § = -0.01, 95% Crl: -0.02, -0.003; and femur neck
B =-0.01, 95% CrlL: -0.02, -0.004), whereas PFNA was pos-
itively associated with total femur (f = 0.04, 95% CrlL: 0.01,
0.06) and neck femur (f = 0.03, 95% Crl: 0.01, 0.05) (eFigure
3; http:/links.lww.com/EE/A83, eTable 5; http:/links.lww.com/
EE/A83). However, those associations did not persist after cor-
recting for multiple comparisons (data not shown). We included
total PFOS levels in the PFAS mixture and evaluated their role
with bone mineral density. Branched PFOA levels were missing
for over 80% of the samples (eTable 1; http:/links.lww.com/
EE/A83); therefore, we did not include the total PFOA levels

Characteristics for the overall adult population, men over 50 years old, and postmenopausal women.?

Overall adult population

Men over 50 years old Postmenopausal women

n =499 n=115 n=117

Characteristics Mean = SD Mean = SD Mean = SD
Spine bone density (g/cm?) 1.012 = 0.009 1.047 +£0.018 0.945 +0.019
Femur bone density (g/cm?) 0.945 + 0.007 0.989 + 0.142 0.868 + 0.013
Femur neck density (g/cm?) 0.780 + 0.007 0.794 £ 0.015 0.712 £0.013
Poverty-income ratio 2.882 + 0.090 2.893 £ 0.217 2.753 £ 0.178
Age (years) 54.732 + 0.632 62.656 + 1.022 59.410 + 1.218
Sex: %

Male 38% 100% 0%

Female 62% 0% 100%
Race: %

Mexican American 12% 12% 14%

Other Hispanic 9% 4% 7%

Non-Hispanic White 49% 51% 49%

Non-Hispanic Black 17% 23% 19%

Other 13% 10% 1%
Smoking status: %

Ever 40% 54% 30%

Never 60% 46% 70%
Physical activity: %

Vigorous 34% 37% 20%

Not vigorous 66% 63% 80%
PFAS (ug/L): 50™ (25", 75") percentile

n-PFOA 2.00 (1.30, 3.10) 2.60 (1.90, 3.70) 1.83 (1.20, 3.00)

n-PFOS 410 (2.50, 7.40) 6.21 (3.50, 9.98) 410 (2.70, 7.60)

Sm-PFOS 1.80 (0.90, 3.00) 3.24(2.10,4.30) 1.70 (1.07,2.94)

PFHXS 0.07 (0.07,0.20) 0.10(0.07, 0.30) 0.07 (0.07, 0.20)

Me-PFOSA-AcOH 0.20(0.10, 0.40) 0.20 (0.10, 0.40) 0.20(0.10,0.34)

PFDeA 1.40 (0.80, 2.40) 2.10 (1.60, 3.56) 1.30 (0.80, 2.40)

PFNA 0.80 (0.50, 1.30) 0.90 (0.60, 1.30) 0.70(0.50, 1.20)

PFUA 0.10(0.07, 0.20) 0.10(0.07, 0.20) 0.07 (0.07, 0.20)

INHANES sampling weights were applied for calculation of demographic descriptive statistics.
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Figure 2. Correlation between serum PFAS in the overall adult population. Color and shape of each ellipse reflect the correlation between two compounds.

in the analysis. Results were consistent with the main findings
when we combined isomers (eTable 6; http:/links.lww.com/
EE/A83), when we included PFAS detected in at least 60% of
samples (eFigure 6; http:/links.lww.com/EE/A83), and when
we excluded women on hormonal replacement therapy and
when we adjusted for intake of calcium, and vitamins (K and D)
(eFigure 7; http:/links.lww.com/EE/A83). Results on postmeno-
pausal women from 2009 to 2010 NHANES cycle showed neg-
ative directions between PFAS mixture exposure and both total
and neck femur with PFOS having the strongest contribution to
the mixture (eTable 7; http:/links.lww.com/EE/A83).

Results in men over 50 years old and in postmenopausal
women

There was no evidence of an association between the PFAS
mixture and bone mineral densities in men over 50 years old
(lumbar spine: f = 0.01, 95% Crl = -0.05; 0.08; total femur
B =0.01,95% Crl = -0.04, 0.07; and femur neck f = 0.02, 95%
Crl = -0.04, 0.07) or in postmenopausal women (lumbar spine 3 =
0.00, 95% Crl = -0.08, 0.08; total femur 8 = 0.02, 95% Crl: -0.04,
0.08; and femur neck p = 0.02, 95% CrI = -0.03, 0.08). The con-
tribution of all mixture components was similar across bones and
across populations (eTable 2; http:/links.lww.com/EE/A83; eFigure
4; http://links.lww.com/EE/A83-S5; http:/links.Iww.com/EE/A83).

Discussion

We extended the WQS regression under a Bayesian framework
and determined the combined association of eight PFAS with
bone mineral density in lumbar spine, total, and neck femur in

a survey representative US adult population in the years 2013—
2014. The BWQS regression provides diagnostic statistics for all
estimated parameters; it also has the advantages of inferring the
estimates using the whole dataset and avoiding an a priori selec-
tion of the directionality of the coefficient associated with the
mixture. The application of our novel method showed no evi-
dence of the association between serum concentration of PFAS
mixture—composed of linear and branched PFOA and PFOS
isomers (n-PFOA, n-PFOS, and Sm-PFOS), PFHxS, PFNA,
pefluorodecanoic acid, 2-(N-methyl-PFOSA) acetic acid, and
perfluoroundecanoic acid—and bone mineral density in lumbar
spine, total and neck femur. The contribution of each compound
was similar across bones. Results were also consistent using the
frequentist WQS and Bayesian linear regressions. Both mixture
models performed similarly. We also found no evidence of an
association between the PFAS mixture and bone mineral density
in men over 50 years old and postmenopausal women.

Our results confirmed prior findings showing null associa-
tions between PFAS exposure and bone health in the overall
adult US population.?? Indeed, serum concentrations of individ-
ual PFAS were not associated with total femur mineral density
and bone fractures in the overall adult population from the 2005
to 2008 NHANES cycle.?? Previous findings showed that most
significant associations between individual PFAS compounds
and bone mineral density were limited to women, with higher
concentrations of PFOA, PFOS, PFHxS, and PFNA associated
with lower bone mineral density and with higher risk osteopo-
rosis.?>** However, our results on vulnerable populations could
have been limited by a small number of participants (n = 115
men of 50 years and n = 117 postmenopausal women). A
prior study investigated the role of PFAS mixture exposure on
total-body bone mineral density in childhood by leveraging a
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large cohort in the Boston area.’” The authors showed that the
mixture of six PFAS (PFOA, PFOS, PFSA, PFHxS, Me-PFOSA-
AcOH, PFNA) impaired bone accrual in childhood.’” However,
our results were not directly comparable to this study, due to
differences in the outcome and age between populations, sug-
gesting that further investigations about the role of PFAS in
both elderly and childhood populations are needed.

Prior epidemiological studies support the hypothesis that
PFAS are endocrine disruptors. Although the PFAS mixture

showed no direct impact of bone health in our results, the mix-
ture might affect bone mineral density via hormonal alterations.
Indeed, PFAS modulate thyroid and sex hormone concentra-
tions, which play a critical role in bone remodeling and health.3®
Chronic PFAS exposure was associated with suppressed serum
thyroxine and triiodothyronine (T3) levels in human studies®-*
and with altered responses to T3 in a T3-dependent cell line in
vitro.*! A cross-sectional study of adult NHANES participants*
reported that serum PFHxS was positively associated with
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subclinical hyperthyroidism in women, which is a risk factor for
decreased bone mass.*> PFAS also interfere directly with estro-
gen and androgen receptors, disrupting the biological effects
of sex hormones and leading to reduced fecundity in women
and delayed puberty in boys, both of which are associated with
lower bone mineral density later in life.*** In studies of wom-
en’s health, PFAS were associated with decreased production of
estradiol and progesterone, which are essential hormones for
bone health due to their promotion of osteoblast activity. Based
on this body of literature, the PFAS mixture, mediated by endo-
crine receptors, might affect bone health, but further studies
with longitudinal design are required to address this problem.

In our analyses PFOA and PFOS, both of which were previously
associated with bone mineral density in women,*>?* were analyzed
using their linear and branched isomers, and we could not confirm
previous results for both those compounds. In sensitivity analyses,
we evaluated only the combination of PFOS isomers in the mix-
ture, and results were consistent with the main findings. Due to the
cross-sectional design of our study, we could not rule out whether
it was reverse causation and bone health or hormonal alterations
preceded the response to exposure.* Indeed, Serum levels of some
PFAS have been shown to change due to an altered hormonal
excretion occurring in menopause.* These PFAS changes were per-
sistent for seven years after menopause, providing evidence that a
reverse causation relationship may exist between serum PFAS levels
and menopause.*® It is also possible that our results may have been
limited by the smaller number of participants than other studies
showing significant associations between PFAS exposure and bone
mineral density.?>? Also, participants of this study were not asked
whether they attempted to prevent bone deterioration by changes
in lifestyle, such as using supplements or alternative treatments or
eating a healthier diet. Further studies with a longitudinal design,
larger sample size and more information about lifestyle changes
could help to disentangle the underlying mechanism linking PFAS
exposure and bone health in older adults.

The strengths of our study include a novel statistical approach,
which accounted for the correlation among co-occurring PFAS
and provided information about the overall adverse associations
of PFAS and bone mineral density. We used a sample that is
known to represent the US population in the years 2013-2014,
and we relied on PFAS concentrations and bone mineral density
levels that were validated and compared across NHANES cycles.

Conclusions

This is the first study to assess the relationship between expo-
sure to a mixture of PFAS and bone mineral density at three
bone sites in adults. The novel Bayesian WQS approach iden-
tified both the overall association between PFAS mixture with
bone mineral density and the contribution of each PFAS to the
mixture. The serum PFAS mixture showed no association with
mineral density of the lumbar spine, total and neck femur in the
NHANES adult population in the years 2013-2014.
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