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Summary
Background Osteoporosis heavily affects postmenopausal women and is influenced by environmental exposures.
Determining the impact of criteria air pollutants and their mixtures on bone mineral density (BMD) in
postmenopausal women is an urgent priority.

Methods We conducted a prospective observational study using data from the ethnically diverse Women’s Health
Initiative Study (WHI) (enrollment, September 1994–December 1998; data analysis, January 2020 to August 2022).
We used log-normal, ordinary kriging to estimate daily mean concentrations of PM10, NO, NO2, and SO2 at
participants’ geocoded addresses (1-, 3-, and 5-year averages before BMD assessments). We measured whole-body,
total hip, femoral neck, and lumbar spine BMD at enrollment and follow-up (Y1, Y3, Y6) via dual-energy X-ray
absorptiometry. We estimated associations using multivariable linear and linear mixed-effects models and mixture
effects using Bayesian kernel machine regression (BKMR) models.

Findings In cross-sectional and longitudinal analyses, mean PM10, NO, NO2, and SO2 averaged over 1, 3, and 5 years
before the visit were negatively associated with whole-body, total hip, femoral neck, and lumbar spine BMD. For
example, lumbar spine BMD decreased 0.026 (95% CI: 0.016, 0.036) g/cm2/year per a 10% increase in 3-year
mean NO2 concentration. BKMR suggested that nitrogen oxides exposure was inversely associated with whole-
body and lumbar spine BMD.

Interpretation In this cohort study, higher levels of air pollutants were associated with bone damage, particularly on
lumbar spine, among postmenopausal women. These findings highlight nitrogen oxides exposure as a leading
contributor to bone loss in postmenopausal women, expanding previous findings of air pollution-related bone
damage.
*Corresponding author. 630 West 168th Street, P&S Building, Room 16-416, New York, 10032, NY, USA.
E-mail addresses: dgp2114@cumc.columbia.edu (D. Prada), CCrandall@mednet.ucla.edu (C.J. Crandall), ak4181@cumc.columbia.edu

(A. Kupsco), mk3961@cumc.columbia.edu (M.-A. Kioumourtzoglou), j.stewart@unc.edu (J.D. Stewart), DLiao@phs.psu.edu (D. Liao), JYanosky@
phs.psu.edu (J.D. Yanosky), andrea1703999@comunidad.unam.mx (A. Ramirez), jww@buffalo.edu (J. Wactawski-Wende), ys3419@cumc.columbia.
edu (Y. Shen), gm2815@cumc.columbia.edu (G. Miller), ii2135@cumc.columbia.edu (I. Ionita-Laza), eric_whitsel@med.unc.edu (E.A. Whitsel),
ab4303@cumc.columbia.edu (A.A. Baccarelli).
h630 West 168th Street, P&S Building, Room 16-416, New York, NY, 10032, USA.
iDivision of General Internal Medicine and Health Services Research, David Geffen School of Medicine at University of California, Los Angeles, 90095,
USA.
j630 W 168th Street, Room 16-421C, New York, NY, 10032, USA.
k722 W. 168th Street, # 1104B, New York, NY, 10032, USA.
l123 West Franklin Street, Suite 410, Room 4226, CB #8050, Chapel Hill, NC, 27516, USA.
mA210 Public Health Sciences, Hershey, PA, 17033, USA.
nSan Fernando 22, Colonia Seccion XVI, Delegacion Tlalpan, Mexico City, 14080, Mexico.
o175 Biomedical Education Building, Buffalo, NY, 14214, USA.
p722 West 168th Street, Room 1411B, New York, NY, 10032, USA.
q722 West 168th Street, Rm 623, New York, NY, 10032, USA.

www.thelancet.com Vol 57 March, 2023 1

Delta:1_given name
Delta:1_surname
Delta:1_given name
Delta:1_surname
Delta:1_given name
Delta:1_surname
Delta:1_given name
Delta:1_surname
Delta:1_given name
Delta:1_surname
Delta:1_given name
Delta:1_surname
Delta:1_given name
Delta:1_surname
mailto:dgp2114@cumc.columbia.edu
mailto:CCrandall@mednet.ucla.edu
mailto:ak4181@cumc.columbia.edu
mailto:mk3961@cumc.columbia.edu
mailto:j.stewart@unc.edu
mailto:DLiao@phs.psu.edu
mailto:JYanosky@phs.psu.edu
mailto:JYanosky@phs.psu.edu
mailto:andrea1703999@comunidad.unam.mx
mailto:jww@buffalo.edu
mailto:ys3419@cumc.columbia.edu
mailto:ys3419@cumc.columbia.edu
mailto:gm2815@cumc.columbia.edu
mailto:ii2135@cumc.columbia.edu
mailto:eric_whitsel@med.unc.edu
mailto:ab4303@cumc.columbia.edu
http://crossmark.crossref.org/dialog/?doi=10.1016/j.eclinm.2023.101864&domain=pdf
https://doi.org/10.1016/j.eclinm.2023.101864
https://doi.org/10.1016/j.eclinm.2023.101864
https://doi.org/10.1016/j.eclinm.2023.101864
www.thelancet.com/digital-health


Articles

2

Funding US National Institutes of Health.

Copyright © 2023 The Author(s). Published by Elsevier Ltd. This is an open access article under the CC BY-NC-ND
license (http://creativecommons.org/licenses/by-nc-nd/4.0/).

Keywords: Air pollution; Mixtures; Bone mineral density; Postmenopause; Bone damage
Research in context

Evidence before this study
Previous epidemiological studies on individual pollutants have
suggested adverse effects on bone mineral density,
osteoporosis risk, and fractures in older individuals. Animal
studies have also found evidence of this air pollution-related
bone damage. However, no studies have been done
specifically in postmenopausal women. Also, no mixture
analyses of air pollutants on bone outcomes have been
reported.

Added value of this study
We show for the first time that from air pollution mixtures,
nitrogen oxides contribute the most to bone damage and
that the lumbar spine is one of the most susceptible sites. Our
findings, derived from the analysis of a large number of

postmenopausal, ethnically diverse women, clarify the impact
of air pollutants mixtures on bone mineral density, specifically
in postmenopausal women.

Implications of all the available evidence
Our results suggest that public health policies should aim
to reduce air pollution in general but should be stronger
in reducing nitrogen oxides exposure. Improvements in
air pollution exposure, particularly nitrogen oxides, will
reduce bone damage in postmenopausal women, prevent
bone fractures, and reduce the health cost burden
associated with osteoporosis in this population.
Further efforts should focus on detecting
those at higher risk of air pollution-related
bone damage.
Introduction
Osteoporotic fractures in the US are very common.
Approximately ∼2.1 million osteoporosis-related bone
fractures occur annually, resulting in up to $20.3 billion
in annual direct health costs.1,2 Osteoporosis impacts
women more than men, with 80% of the estimated
10 million Americans with osteoporosis being women.
Postmenopausal women are at higher risk, with one in
two women over 50 experiencing a bone fracture
because of osteoporosis.3 Hence, the identification of
novel, preventable risk factors for bone loss and frac-
tures in older women is an urgent priority. Ambient
concentrations of particulate matter air pollution are
associated with cardiovascular4 and respiratory dis-
eases,5 lung cancer,6 and impaired cognition.7 Our team
recently showed that long-term air pollution exposure
reduces bone mineral density (BMD) and increases
bone fracture risk in later life.8 Our findings have now
been confirmed in multiple human studies9–14 and are
also supported by animal studies.15 For example, recent
reports from Zhang et al. suggested that long-term
exposure to PM2.5 was associated with decreased BMD
T-score and increased osteoporosis risk among partici-
pants from rural areas of China.16 However, to our
knowledge, no studies have prospectively determined
the impact of criteria air pollutants and their mixtures
on bone mineral density (BMD) in postmenopausal
women in the US. The goal of this study was to deter-
mine the influence of four criteria air pollutants and
their mixtures on bone mineral density in a large,
geographically, and ethnically diverse population of US
postmenopausal women.
Methods
Population
The Woman’s Health Initiative (WHI) recruited
161,808 postmenopausal women from 40 clinical
centers nationwide between October 1, 1993 and
December 21, 1998.17 All women were 50–79 years old
when they were enrolled in at least one of three
clinical trials (CT; N = 68,132) or an observational
study (OS; N = 93,676). The three WHI CT were a
randomized controlled clinical trial of menopausal
hormone therapy, dietary modification, and calcium/
vitamin D supplementation. The WHI bone mineral
density substudy, in which BMD was measured at
enrollment, year 1, year 3, 6, and year 9 clinic visits,
included all participants at three clinical centers
(Birmingham, AL; Pittsburgh, PA; and Tucson, AZ);
and a satellite clinic (Phoenix, AZ) (N = 11,020) cho-
sen to maximize racial diversity. At enrollment, 9041
women had available BMD and long-term air pollu-
tion data. Those participants without air pollution
estimations were excluded.

Air pollution exposure data
WHI participant addresses from study inception to
date have been accurately geocoded.18,19 Geocoded
participant address-specific daily mean concentrations
www.thelancet.com Vol 57 March, 2023
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of particulate matter ≤10 μm (PM10) from 1993 to 2012
were spatially estimated using available US Environ-
mental Protection Agency (EPA) Air Quality System
data and national-scale, log-normal, ordinary
kriging.20–22 Participants’ addresses were reviewed at
least once a year with participants as a part of cohort
retention and follow-up activities; therefore, mean av-
erages were based on the geocoded participant address-
specific concentration on each day of the averaging
period ending on the visit day. Analogous participant
address-specific daily mean concentrations of gaseous
air pollutants (nitrogen oxide [NO], nitrogen dioxide
[NO2], and sulfur dioxide [SO2]) also were estimated
using the same methods. In addition, monthly mean
geocoded participant address-specific concentrations of
PM10 were spatiotemporally estimated using general-
ized additive mixed models and geographic informa-
tion system-based predictors.23 The spatial estimation
of the daily mean exposure for the different pollutants
used data from the U.S. EPA Air Quality System. Its
validity was evaluated using standard cross-validation
statistics, including mean prediction error (PE), stan-
dardized root mean squared error (SPE), standardized
root mean square (RMSS), and standard error (SE).
Observed values of PE and SPE close to zero, RMSS
close to one, and RMS close to SE, providing
evidence of model validity. Cross-validation for these
models has been previously published.24 Pollutant-,
duration- and model-specific estimates were averaged
over one, three, and five years before (and ending on)
dates of BMD assessment. As most air pollution pre-
dictions were made in the 1990s, and the US EPA
Federal Reference Method network for PM2.5 was
established in 1999,25 this fraction was not included in
the analysis.

BMD assessments
A substudy measuring BMD at enrollment and at year
1, 3, and 6 clinic visits included all participants
(N = 11,020) at three clinical centers (Birmingham,
AL; Pittsburgh, PA; and Tucson, AZ) and a satellite
clinic (Phoenix, AZ) chosen to maximize racial di-
versity. Participants without air pollution estimations
were excluded. We thus analyzed data from 4202 CT
participants and 4839 OS participants (total N = 9041).
Participants underwent dual-energy X-ray absorpti-
ometry scanning using Hologic machines (QDR2000,
2000+, or 4500). Quality assurance included cross-
clinic calibration phantoms and review of a random
sample of scans. When Hologic QDR 2000 machines
were upgraded to QDR 4500 machines, in vivo cross-
calibration was performed, and results were adjusted
for correction factors and longitudinal changes in
scanner performance. Certified technicians used dual-
energy X-ray absorptiometry (DXA, QDR 2000, 2000+,
or 4500 W; Hologic Inc, Bedford, MA, USA) to
www.thelancet.com Vol 57 March, 2023
measure BMD in g/cm2 following standard pro-
tocols26 at screening and annual visits (1, 3, 6, and 9
years of follow-up). WHI quality assurance protocols
included routine spine and hip phantoms and a
random sample review. Among-site calibration
phantoms close agreed (interscanner variability <1.5%
for the spine, <4.8% for the hip, and <1.7% for line-
arity).27 We used measurements of absolute BMD at
the total hip, lumbar spine, femoral neck, and total
body from scans of each participant.

Ethics statement
Written informed consent was obtained from all par-
ticipants at randomization/enrollment after Institu-
tional Review Board approval at each WHI clinical
center.

Statistical analysis
Statistical analysis involved first visually examining all
variables for normality and the presence of outliers.
To determine normality, we used QQ plots by using
the function qqnorm in R. qqline function adds a line
to a “theoretical”, by default, normal. We also deter-
mined normality using Kolmogorov–Smirnov test
(ks.test ()) and outliers using the Grubbs test
(grubbs.test ()) in R. In the case of non-normal
distributions of continuous variables, data trans-
formation (e.g., log transformation) was used.
Continuous variables were log-transformed if
distributions were skewed (e.g., air pollutant levels).
Where data were missing, multiple imputation pro-
tocols were established to maintain statistical power,
except for excluded observations without air pollution
data. Imputation involved replacing missing values
with values based on patterns of non-missing expo-
sures, outcomes, and covariates within participants
and the relationships between them among partici-
pants.28 It included a combination of imputed datasets
(e.g., using Rubin’s rule) to account for the uncer-
tainty of the imputation and ensure correct standard
error estimation in tabulated summary statistics.29

Multiple imputation (five imputations per analysis)
was performed in R using the ‘MICE’ package, an
advanced, widely used protocol to handle missing
values, which, unlike simple imputation, creates a
data series by imputing missing values. This proced-
ure replaces each missing value with several possible
values, considering the uncertainty behind the esti-
mate of the missing value.30 Although CT and OS
participants were included in the final models, ana-
lyses also were stratified by study membership.
Pearson’s product moment correlation coefficient was
denoted as r for the sample statistic. It was used after
confirming that both variables (i.e., air pollutants)
being studied were normally distributed. For a cor-
relation between variables x and y, the formula for
3
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calculating the sample Pearson’s correlation coeffi-
cient was given by:

r =
∑n
i=1

(xi−x)(yi−y)̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅[ ∑n
i=1

(xi−x)2][ ∑n
i=1

(yi−y)2]√
where xi and yi are the values of x and y for the ith
individual. Cross-sectional relationships between
one-year mean air pollution exposures and BMD were
assessed using linear regression. Longitudinal
relationships across visits were assessed using
generalized mixed models. Associations were
conventionally expressed as change in absolute BMD
per 10% increase of mean pollutant level across
different averaging periods. All models were adjusted
for demographic characteristics (i.e., age at BMD
assessment, race/ethnicity, education, income, US
Census region at randomization/enrollment clinical
center), clinical characteristics (body mass index),
behavioral characteristics (smoking, physical activity),
hormone therapy randomization arm (hormone
therapy or placebo), dietary modification trial arm
(low fat or control), and calcium/vitamin D random-
ization arm (calcium/vitamin D or placebo). Models
were also adjusted by study membership (i.e., CT
[yes/no] and OS [yes/no]). Sensitivity to stratification
by study membership (CT or OS) also was evaluated
(see Appendix page 7). To help control for residual,
center-level confounding, we also included the co-
variate of neighborhood socioeconomic status z-score,
a key social determinant of health.31 We also explored
the effect of solar irradiance, calcium/vitamin D
(CaD) intervention, and aging (≤64 and >65 years old)
in the association. Additionally, because air pollution
is a complex mixture, we assessed associations be-
tween pollutants and each BMD anatomical site using
Bayesian kernel machine regression (BKMR) in lon-
gitudinal data.32,33 BKMR uses a kernel function to
flexibly model highly correlated exposures without
prior specification of the exposure–response func-
tion.32,33 We ran 10,000 iterations of a Markov chain
Monte Carlo algorithm with a hierarchical variable
selection of exposures based on exposure correlation
structures with the following model: Yi = h ([Group =
(PM10, NO, SO2, NO2) + βTCi + εi. A Gaussian kernel
function was used to model the outcome Yi on h() that
allows for potential nonlinear and non-additive
exposure–response functions; βT denotes coefficients
for the vector of covariates Ci for the ith individual,
and εi represents the error. Model convergence and fit
were assessed by visual examination of trace plots for
all parameters across 10,000 iterations. For univariate
exposure-response plots, other pollutants were fixed at
their median value. Posterior inclusion probabilities
—representing the proportion of iterations where the
exposure variable was included in the model—were
estimated for each exposure and averaging period.
Given the critical age dependence of bone damage, we
also fit age as a linear, categorical, or spline variable to
examine the fitness of the models (Akaike informa-
tion criteria).

Role of the funding source
The funding sources did not play any role in access to
datasets or the decisions for publication.
Results
We evaluated N = 9041 WHI participants (32,663 visits).
Characteristics of the study population at enrollment are
in Table 1. On average, WHI participants were aged 63.3
years (standard deviation [SD]: 7.4 years) at baseline.
Most participants were White (72.3% of those aged <60
years; 79.8% of those 60–69 years; and 84.3% of those
≥70 years). The most common education level was
college or vocational (48.3% of those aged <60 years;
44.2% of those 60–69 years; and 46.2% of those ≥70
years). In general, most participants had a modest in-
come (<$49,999/year), consumed <7 servings of alco-
holic drinks/week, were never smokers, and had low
physical activity. We observed a reduction in mean [SD]
BMD with age (e.g., total hip BMD: 0.90 [0.13]; 0.84
[0.79]; and 0.79 [0.13] g/cm2 at ages <60, 60–69, and ≥70
years, Table 1). Full descriptions of CT and OS partici-
pants are in the appendix (Appendix pp 2 and 3),
respectively. Participants were exposed to slightly higher
mean PM10, NO2, NO, and SO2 concentrations over
longer averaging periods (Table 2).

Summary statistics of air pollutants per BMD
assessment site are shown in the appendix material
(Appendix p 4). The highest correlations were observed
between NO2 and NO for all averaging periods evaluated
(r = 0.83, 0.85, and 0.86 for 1-, 3- and 5-year means; ap-
pendix material [Appendix p 8]). The lowest correlations
were observed between SO2 and PM10 (r = −0.06, −0.06,
and −0.1 for 1-, 3-, and 5-year means), as well as SO2 and
NO (r = −0.12, −0.09, and −0.07 for 1-, 3-, and 5-year
means).

One-, 3-, and 5-year average PM10 concentrations
were cross-sectionally associated with whole-body, total
hip, femoral neck, and lumbar spine BMD (Table 3).
PM10 concentrations also were longitudinally associated
with femoral neck and lumbar spine BMD (Table 4). For
example, lumbar spine BMD decreased 0.064 (95%
confidence interval [CI]: 0.052, 0.077) g/cm2/per year
per 10% (2.21 μg/m3) increase in 5-year mean PM10

concentration. Results suggested a cumulative effect on
lumbar spine with increasing effect size according to the
duration of PM10 exposure.

One-, 3-, and 5-year average NO concentrations also
were cross-sectionally and negatively associated with
www.thelancet.com Vol 57 March, 2023
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Variable <60 years old 60–69 years old ≥70 years old

N = 3132 N = 3992 N = 1917

Mean/n SD/% Mean/n SD/% Mean/n SD/%

Bone mineral density (corrected), g/cm2

Total hip 0.90 0.13 0.84 0.13 0.79 0.13

Femoral neck 0.77 0.12 0.71 0.12 0.67 0.11

Lumbar spine 1.01 0.15 0.97 0.17 0.97 0.18

Whole body 1.05 0.10 1.00 0.10 0.97 0.11

Ethnicity

White (non-Hispanic) 2265 25.05% 3187 35.25% 1616 17.87%

Black 517 5.72% 520 5.75% 192 2.12%

Hispanic 266 2.94% 206 2.28% 80 0.88%

Other race 81 0.90% 71 0.79% 23 0.25%

Not available 3 0.03% 8 0.09% 6 0.07%

Education level

High school or less 815 9.01% 1342 14.84% 644 7.12%

College or vocational school 1498 16.57% 1763 19.50% 886 9.80%

Grad school or higher 769 8.51% 862 9.53% 375 4.15%

Not available 23 0.25% 25 0.28% 12 0.13%

Household income

<$49,999 1752 19.38% 2875 31.80% 1500 16.59%

$50,000–$99,999 933 10.32% 703 7.78% 218 2.41%

>$100,000 253 2.80% 141 1.56% 39 0.43%

Not available 194 2.15% 273 3.02% 160 1.77%

Alcohol consumption

Never 445 4.92% 716 7.92% 346 3.83%

Former 647 7.16% 834 9.22% 446 4.93%

<7 drinks per week 1788 19.78% 2101 23.24% 937 10.36%

≥7 drinks per week 231 2.56% 315 3.48% 167 1.85%

Not available 21 0.23% 26 0.29% 21 0.23%

Smoking

Never 1669 18.46% 2205 24.39% 1114 12.32%

Former 1112 12.30% 1467 16.23% 676 7.48%

Current 323 3.57% 285 3.15% 80 0.88%

Not available 28 0.31% 35 0.39% 47 0.52%

Physical activity, MET-hours/week 0.32 0.18 0.04 0.20 0.05 0.23

Body mass index, kg/m2

≤18.5 17 0.19% 37 0.41% 25 0.28%

18.6–24.9 862 9.53% 1189 13.15% 694 7.68%

≥25 kg/m2 2243 24.81% 2751 30.43% 1193 13.20%

Not available 10 0.11% 15 0.17% 5 0.06%

SD: standard deviation; CT: clinical trial; MET: metabolic equivalent.

Table 1: Demographic characteristics of women in the Women’s Health Initiative at enrollment (N = 9041) with available bone mineral density and
long-term air pollution data.

Articles
whole-body, total hip, femoral neck, and lumbar spine
BMD (Table 3). NO concentrations were also longitu-
dinally associated with BMD at all anatomical sites at
different time windows (Table 4). Over time, no cu-
mulative effect of NO was observed for any anatomical
site evaluated. One-, 3-, and 5-year average NO2 con-
centrations were cross-sectionally associated with whole-
body, total hip, femoral neck, and lumbar spine BMD
(Table 3). One-, 3-, and 5-year mean NO2 concentrations
www.thelancet.com Vol 57 March, 2023
also were also longitudinally associated with femoral
neck and lumbar spine BMD (Table 4). For example,
lumbar spine BMD decreased 0.026 (95% CI: 0.016,
0.036) g/cm2/year per 10% increase in 3-year mean NO2

concentration.
One-, 3-, and 5-year average SO2 concentrations also

were cross-sectionally associated with whole-body, total
hip, lumbar spine, and femoral neck BMD (Table 3).
SO2 concentrations also were longitudinally associated
5
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Air pollutant 1-year average 3-year
average

5-year
average

Mean SD Mean SD Mean SD

PM10 (μg/m3) 22.15 5.57 22.45 5.48 22.91 5.48

NO2 (ppb) 17.90 5.27 18.12 4.74 18.17 4.74

NO (ppb) 39.29 19.72 39.82 17.87 39.86 17.87

SO2 (ppb) 6.39 3.68 6.50 3.55 6.55 3.55

PM10: particulate matter <10 μm; SO2: sulfur dioxide; NO and NO2: nitrogen
oxides; SD: standard deviation; ppb: parts per billion.

Table 2: Long-term air pollution exposure concentrations in women in
Women’s Health Initiative (N = 9401 at enrollment) with bone
mineral density data (concentrations at 1-, 3-, and 5-year average
before first examination).

Articles
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with whole-body, total hip, femoral neck, and lumbar
spine BMD (Table 4). Although ozone (O3) was also
explored, we observed a lack of consistent and non-
significant associations with BMD (Appendix p 6) and
was not included in the final analyses.

In stratified analyses, we did not observe effect dif-
ferences between CT and OS participants (Appendix p
6). Our models included age as a linear, categorical, or
spline variable to sufficiently control our results by age
and showed a negative association with age for BMD at
the most relevant anatomical site (i.e., lumbar spine) at
all time windows evaluated (Appendix p 7). In sensitivity
analysis, we explored the influence of two different
measures of solar irradiance (i.e., solar irradiance in
Watts, measuring the daily UVB flux reaching the earth,
within the wavelength range necessary for vitamin D
synthesis; solar irradiance in Langleys, related to the
amount that reaches a given area of the earth’s surface).
Although we observed some reductions in the estimates,
most significant associations remained unaffected
(Appendix p 9), suggesting a potential influence of solar
irradiance in the association. We also explored calcium/
vitamin D (CaD) interaction in the association between
air pollutants at the three averaged periods, finding
significant interaction of this intervention in favor of the
control group (Appendix p 10). In sensitivity analysis,
we also explored the influence of aging in the associa-
tion and found higher estimates in the oldest for all the
pollutants and average periods (Appendix p 11).

BKMR analysis of the associations between air pollut-
ants and BMD at different anatomical sites revealed that
only NO2 was negatively associated with whole-body and
lumbar spine BMD (Fig. 1). Posterior inclusion probabili-
ties were higher forNOonwhole body BMDand for NO2 at
the three timewindows and for NO and SO2 on spine BMD
at the 1-year timewindow (Appendix p 9). The 3- (Appendix
p 10) and 5-year (Appendix p 11) average NO2–BMD asso-
ciations were similar to the 1-year association, but this was
not the case for the other pollutants at most of the
anatomical sites. A slight tendency to a positive association
with lumbar spine BMD was also observed for SO2.
Discussion
This study—with >9000 women participating in WHI
and >30,000 visits—supports ours8 and other
findings10,16,34–36 of an association between air pollution
and bone damage in postmenopausal women. This as-
sociation was independent of socioeconomic,
geographic, and lifestyle factors. Mixture analyses
showed significance for NO2, particularly affecting
whole-body and spine BMD, although longitudinal
models showed negative associations for all pollutants.
Although we observed some stronger associations at
longer average periods (e.g., SO2 and whole-body BMD
(β at 1-year: −0.009; −0.012 at 3-year; −0.034 at 5-year),
dose–response associations were not evident in most
models. Our findings confirm that poor air quality may
be a risk factor for bone loss, independent of socioeco-
nomic or demographic factors, and expands previous
findings to postmenopausal women. Indeed, to our
knowledge, this is the first study of the impact of criteria
air pollutants on bone health in postmenopausal
women.

Our findings show that both particulate matter and
gases may adversely impact BMD and that nitrogen
oxides may play a critical role in bone damage and
osteoporosis risk. The annual rate of postmenopausal
bone loss has been calculated to be 1.3–1.5 percent at
the lumbar spine and 1.4 percent at the femoral neck
after menopause.37 Our analyses of the effects of age on
these women showed different rates of reductions per
anatomical site, with annual average reductions of
0.64% for total hip BMD, 0.59% for femoral neck, 0.35%
for total body, and 0.18% for lumbar spine BMD.
Therefore, the magnitude of the effects of nitrogen ox-
ides on lumbar spine BMD would be about 1.22%
annual reductions, almost double the annual effects of
age on any of the anatomical sites evaluated. Implica-
tions for fracture risk of this BMD reduction are un-
known, but further research is guaranteed. Our study
did not include analyses of forearm BMD, which is a
relevant anatomical site for osteoporosis-related bone
damage. However and according to the International
Society for Densitometry,38 osteoporosis may be diag-
nosed in postmenopausal women and in men aged 50
and older if the T-score of the lumbar spine, total hip, or
femoral neck is −2.5 or less, without including forearm
BMD. Our results using the most relevant anatomical
sites showed consistent associations through all the
models evaluated.

Air pollution exposure may increase reactive oxy-
gen and nitrogen species, which cause oxidative
damage.39 Increased oxidative stress causes cell death
through various signaling mechanisms such as mito-
chondrial impairment, cell-cycle arrest, DNA damage
response, inflammation, protein inhibition, and lipid
peroxidation.40

Nitrogen oxides, the air pollutants linked to bone
damage in our analyses, are reactive nitrogen species.
www.thelancet.com Vol 57 March, 2023
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BMD Average period PM10 NO NO2 SO2

Est* 95% CI Est* 95% CI Est* 95% CI Est* 95% CI

Whole body 1-yr average −0.047 (−0.054, −0.039) −0.031 (−0.034, −0.027) −0.050 (−0.055, −0.044) −0.026 (−0.029, −0.022)

3-yr average −0.051 (−0.058, −0.043) −0.029 (−0.034, −0.023) −0.049 (−0.054, −0.043) −0.017 (−0.022, −0.011)

5-yr average −0.053 (−0.060, −0.045) −0.026 (−0.031, −0.020) −0.055 (−0.062, −0.047) −0.018 (−0.023, −0.012)

Total Hip 1-yr average −0.022 (−0.031, −0.012) −0.020 (−0.027, −0.012) −0.018 (−0.023, −0.012) −0.025 (−0.030, −0.019)

3-yr average −0.024 (−0.033, −0.014) −0.020 (−0.025, −0.014) −0.015 (−0.022, −0.007) −0.025 (−0.032, −0.017)

5-yr average −0.026 (−0.035, −0.016) −0.018 (−0.023, −0.012) −0.015 (−0.024, −0.005) −0.027 (−0.041, −0.022)

Femoral Neck 1-yr average −0.013 (−0.020, −0.005) −0.018 (−0.021, −0.014) −0.019 (−0.083, −0.045) −0.019 (−0.024, −0.013)

3-yr average −0.015 (−0.022, −0.007) −0.020 (−0.025, −0.014) −0.021 (−0.028, −0.013) −0.018 (−0.025, −0.010)

5-yr average −0.017 (−0.026, −0.007) −0.021 (−0.026, −0.015) −0.024 (−0.029, −0.018) −0.021 (−0.028, −0.013)

Lumbar spine 1-yr average −0.014 (−0.027, −0.0002) −0.030 (−0.035, −0.024) −0.029 (−0.038, −0.019) −0.032 (−0.041, −0.022)

3-yr average −0.015 (−0.028, −0.0001) −0.027 (−0.034, −0.019) −0.022 (−0.033, −0.010) −0.028 (−0.037, −0.018)

5-yr average −0.026 (−0.035, −0.016) −0.018 (−0.023, −0.012) −0.020 (−0.033, −0.006) −0.033 (−0.044, −0.021)

Est*: Estimates from multivariable adjusted models for demographic characteristics (i.e., age, race/ethnicity, education, income, neighborhood socioeconomic status, and US Census region), clinical
characteristics (body mass index), behavioral characteristics (smoking, physical activity), study membership (clinical trials or observational study), hormone therapy randomization arm (hormone treatment
or control), dietary modification trial arm, and calcium/vitamin D randomization arm (calcium/vitamin D or control). 95% CI: 95% confidence interval; PM10: particulate matter <10 μm; SO2: sulfur dioxide;
NO and NO2: nitrogen oxides; BMD, bone mineral density.

Table 3: Cross-sectional analysis of the effect of PM10, NO, NO2, and SO2 on bone mineral density in the Clinical Trials and Observational Study participants of the Women’s Health
Initiative (N = 32,663 visits).
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We observed a U-shaped dose–response function for
NO2 and whole-body BMD, interpreted on the basis of a
negative linear slope for bone health. NO2 is one of six
air pollutants that have national air quality standards to
limit levels in outdoor air.41 NO2 exposure has been
associated with reduced lung function, increased
asthma attacks, and greater likelihood of emergency
department and hospital admissions.42 NO2 also is likely
to be a cause of asthma in children.43 Eckel et al. found
that people with lung cancer have shortened survival
from NO2 and other outdoor air pollutants.44 Addition-
ally, NO2 has been linked to cardiovascular damage,45
BMD Average period PM10 N

Est* 95% CI E

Whole body 1-yr average 0.001 (−0.005, 0.007) −

3-yr average 0.006 (−0.001, 0.0114) −

5-yr average 0.004 (−0.004, 0.012) −

Total hip 1-yr average 0.014 (0.006, 0.021)

3-yr average 0.005 (−0.003, 0.014) −

5-yr average −0.004 (−0.014, 0.005)

Femoral neck 1-yr average 0.005 (−0.001, 0.011) −

3-yr average 0.002 (−0.005, 0.009) −

5-yr average −0.011 (−0.018, −0.003) −

Lumbar spine 1-yr average −0.006 (−0.016, 0.003) −

3-yr average −0.038 (−0.050, −0.026) −

5-yr average −0.064 (−0.077, −0.052) −

Est*: Estimates from multivariable adjusted models for demographic characteristics (i.e
characteristics (body mass index), behavioral characteristics (smoking, physical activity), s
or control), dietary modification trial arm, and calcium/vitamin D randomization arm (ca
NO and NO2: nitrogen oxides; BMD, bone mineral density.

Table 4: Longitudinal associations of PM10, NO, NO2, and SO2 on bone mine
Initiative (N = 32,663 visits).
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lower birth weight in newborns,46 and increased risk
of premature death.47 Our results are among the first
directly linking NO2 and osteoporosis risk. Similar
tendencies were shown for NO in our BKMR analysis,
which could be justified by similarities (e.g., sources)
between these two pollutants and also the highest cor-
relation we observed (r = 0.83–0.86). We decided to
include both pollutants separately based on their clinical
effects, which could be different. For example, exposure
to NO induces respiratory ailments, hematologic side
effects, metabolic disorders, low blood pressure, nausea,
vomiting, and diarrhea. NO2 causes more respiratory
O NO2 SO2

st* 95% CI Est* 95% CI Est* 95% CI

0.006 (−0.010, −0.003) 0.003 (−0.002, 0.008) −0.009 (−0.013, −0.006)

0.022 (−0.027, −0.017) −0.004 (−0.010, 0.002) −0.012 (−0.017, −0.007)

0.001 (−0.006, 0.004) 0.001 (−0.007, 0.008) −0.034 (−0.010, 0.003)

0.001 (−0.003, 0.005) 0.012 (0.007, 0.018) −0.004 (−0.008, 0.001)

0.006 (−0.011, −0.002) 0.014 (−0.006, 0.090) −0.018 (−0.023, −0.012)

0.009 (0.002, 0.015) 0.024 (0.015, 0.033) −0.008 (−0.015, −0.001)

0.001 (−0.004, 0.002) 0.001 (−0.003, 0.006) 0.001 (−0.003, 0.003)

0.013 (−0.017, −0.007) −0.007 (−0.013, −0.001) −0.002 (−0.008, 0.003)

0.006 (−0.011, 0.001) −0.008 (−0.016, −0.001) −0.016 (−0.022, −0.009)

0.009 (−0.014, −0.003) −0.021 (−0.028, −0.013) −0.006 (−0.012, −0.001)

0.023 (−0.030, −0.016) −0.026 (−0.036, −0.016) −0.012 (−0.021, −0.004)

0.022 (−0.031, −0.013) −0.011 (−0.022, 0.001) −0.030 (−0.040, −0.020)

., age, race/ethnicity, education, income, neighborhood socioeconomic status, and US Census region), clinical
tudy membership (clinical trials or observational study), hormone therapy randomization arm (hormone treatment
lcium/vitamin D or control). 95% CI: 95% confidence interval; PM10: particulate matter <10 μm; SO2: sulfur dioxide;

ral density in the Clinical Trials and Observational Study of participants in the Women’s Health
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Fig. 1: Bayesian kernel machine regression univariate exposure-response plots with 95% credible intervals for the effect of each pollutant on the
different bone mineral density sites evaluated.
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effects (wheezing, coughing, colds, flu, and bron-
chitis).48 On the other hand, a slight tendency to a pos-
itive association with lumbar spine BMD was also
observed for SO2; however, the significance of this
finding is unknown and was not consistent with results
from the regression models. This positive association
could be justified by chance, as we assessed 16 associ-
ations; therefore, we expect ∼3 of them to be significant
due to chance (multiple comparisons).

We previously published the first evidence of an as-
sociation between air pollution and bone damage.8 In
that study, we found adverse effects of particulate matter
on the risk of hospitalizations for osteoporosis-related
bone fractures in Medicare participants and of black
carbon on reduced BMD in participants of the BACH/
Bone study, a male-only cohort.8 Several studies have
since confirmed this finding, including short-term ef-
fects on hip fractures,9 in different settings and pop-
ulations (e.g., rural China),10 in nationwide time-series
studies (China),49 and in young populations,11 but none
examined postmenopausal women or used a mixture
approach. Hun Sung et al.14 evaluated the association of
air pollution with osteoporotic fracture risk among
women >50 years of age, showing an increased risk
(HR = 1.13, 95% CI: 1.02, 1.24) of osteoporotic bone
fractures. A recent meta-analysis reported inconsistent
associations between PM exposure and osteoporosis risk
or fractures but attributed it to heterogeneous study
designs, participant characteristics, and analyses.50
While air pollution studies are indeed heterogeneous,
results from our studies are consistent and suggest that
thousands of aging populations may be affected around
the globe, particularly by gases like NO2 that were not
included in previous analyses of particulate matter.

Since our first report of associations between air
pollution and bone damage, several studies around the
world have now shown that long-term exposure to air
pollution is associated with decreased bone mass, but
none of them have been able to study air pollution
mixtures. Chen et al. showed that short-term exposure
to PM2.5 resulted in an increase in the number of
outpatient visits for knee osteoarthritis in Beijing, sug-
gesting potential additional air pollution-related bone
damage and suggested an exposure-response relation-
ship.51 In studies from India, Ranzani et al. reported that
PM2.5 also was associated with lower BMD in the spine
(−0.57 g per 3 μg/m3 increase in PM2.5) and hip (−0.13 g
per 3 μg/m3).11 Studies from Zhang et al. reported that
PM10 and NO2, with concentrations 2–3 times higher
than the average in US cities, also showed more dele-
terious effects in bones of men than women.49 There-
fore, these results suggest that complexities of air
pollution mixtures (origin, concentrations, geographic
location, and concentration of pollutants) may have
different influences on bone health.

Available evidence suggests that exposure to air pol-
lutants is associated with increased levels of proin-
flammatory mediators and markers of oxidative stress as
www.thelancet.com Vol 57 March, 2023
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well as multiple other metabolic alterations52 that can
alter bone remodeling.53 For example, exposure to high
particulate concentrations significantly increases serum
levels of monocytes, NK cells, and helper T cells,54 as
well as proinflammatory cytokines such as TNFα, MCP-
1, IL-8, MIP-1α, IL-6, IL-1β, and GM-CSF in vitro and
in vivo models.55–57 The most-studied pollutants con-
cerning intracellular formation of free radicals are O3,58

NOx, and heavy metals.59 Other studies on the effect of
indoor air pollutants in older individuals with chronic
obstructive pulmonary disease have also revealed a po-
tential effect on purine metabolism.60 Additional studies
from You et al. using proton nuclear magnetic reso-
nance spectroscopy suggested that, among post-
menopausal women, elevated glutamine was
significantly associated with low BMD and that elevated
lactate, acetone, lipids, and very low-density lipoprotein
were associated with high BMD.61 Studies in post-
menopausal Brazilian women with osteopenia or oste-
oporosis have shown reduced taurine levels in plasma
compared to healthy volunteers.62 In this context, we
therefore hypothesize that air pollution mixtures—
especially those with high enough NOx concentrations
—induce inflammation and oxidative damage. The
resulting generation of reactive molecules and metabo-
lites that interact with bone cells—particularly mono-
nuclear pre-osteoclasts—may plausibly affect
osteogenesis, bone resorption, physiology, and in turn,
susceptibility to osteoporosis. Further research is
nonetheless needed to confirm these hypotheses.

Vitamin D (VitD) is a fat-soluble vitamin. VitD and
its metabolites have a significant clinical role because of
their interrelationship with calcium homeostasis and
bone metabolism. Subclinical vitamin D deficiency is
very common, as the recent National Health and
Nutrition Examination Survey (NHANES) showed it
(41.6% of adult participants ≥20 years had 25(OH)D
levels below 20 ng/mL,63 which may contribute to the
development of osteoporosis and an increased risk of
fractures and falls in older adults. Controlled trials have
suggested that vitamin D and calcium supplementation
can reduce the risk of falls and fractures in older
adults.64–66 The vast amount of information available in
WHI allowed us to explore the potential interaction of
the Calcium/Vitamin D, which resulted in being sig-
nificant, particularly for those pollutants more related to
bone damage (NO and NO2). However, the direction of
the associations was not consistent for reductions or
increases in BMD, probably because of the design of
these interventions. Further research is needed to clarify
this influence in the association between air pollution
and bone damage.

Bone damage, including osteoporosis, falls, and
fractures, are among the commonest geriatric syn-
dromes, and the risk of these conditions increases with
age.67 In women, fracture risk increases from around
menopause (45–55 years old), whereas in men fracture
www.thelancet.com Vol 57 March, 2023
risk increases parallels that of women but only starts
around age 75. At that time, fracture incidence also
hastens in women.68 This suggests an enormous influ-
ence of age on bone strength in both men and women,
which has also been evidenced for the association be-
tween air pollutants and BMD in the current study in
postmenopausal women, with higher estimates for
those older than 65. Our findings may suggest that
additional prevention strategies should be taken into
account for this susceptible population, which may
derive in reductions in morbidity (e.g., bone fractures,
hospitalizations) and also mortality.

The sources of air pollutants may play a critical role
in the estimated association and in the potential in-
terventions to reduce bone damage. In the U.S., most
toxics in ambient air are anthropometric and generated
by mobile or stationary sources, including automobiles,
trucks, buses, factories, refineries, construction sites,
and industries that use cleaning solvents. Car and truck
exhaust is a major source of NOx, as are the emissions
from electrical power generation plants. Automobile
exhaust contains more NO than NO2, but it quickly
combines with oxygen in the air to form NO2 in the
atmosphere. As such, inhalation is its main source of
uptake.30 Air pollution source apportionment studies
have been performed to evaluate the contribution of
different sources using receptor methods for particle
source apportionment, including chemical mass bal-
ance, positive matrix factorization, factor analysis,
Enrichment factor, isotopic tools, etc.69 Source appor-
tionment in future studies of air pollution-induced bone
damage may help clarify the focus of forthcoming ef-
forts to reduce bone damage in aging societies.

Our work has several limitations. First, as this study
was performed only in the US, these results may not be
generalized to other populations. However, our popu-
lation included White, Black, Hispanic, and other races/
ethnicities, contributing to the potential generalizability
of the results. As with any human population study,
there remains the potential for unmeasured or residual
confounding. However, we adjusted for many important
confounders, including age, ethnicity, education, in-
come, neighborhood socioeconomic status z-score,
BMI, smoking, physical activity, study membership, and
US Census region. We also recognize that BMD might
not be the best measurement of bone health, but Z-
score (which compares your bone density to the average
values for a person of the same age and gender), un-
fortunately, is unavailable in WHI. Another limitation of
our study was our inability to measure PM2.5, which
may trigger bone damage. However, the availability of
PM2.5 in the US during enrollment and initial follow-up
visits (1993–1995) was sparse due to limited monitoring
in those years in the corresponding sites. Our study
derives from environmental determinations of air
pollution and behavior risk factors that have been
questioned to the participants but not directly assessed.
9
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These factors and how they were addressed may be
influencing or biasing our results. However, despite
these limitations, our study is consistent with similar
studies done in other geographical regions, adding the
value of clarifying pollutants with stronger effects on
bone health. Additionally, we did not examine associa-
tions between air pollution and fractures or the inter-
action of common medications. However, these
analyses are currently underway. Another important
limitation of this study is the lack of information about
individual covariates such as indoor air pollution, time
spent outdoors, vitamin D levels, and other environ-
mental and occupational factors, which may play a role
and even confound the observed associations. However,
we included analyses for the interaction of the CaD
intervention, finding significant interaction of this
intervention in favor of control groups. Further research
is needed to clarify the potential interaction of CaD in
the association between air pollution and bone damage.
We also included sensitivity analyses for solar irradiance
without observing important changes in the estimates
for the association of air pollutants on BMD. Ongoing
research is examining interactions of the pollutants
examined in this study with hormone therapy, dietary
modification, and other interventions available among
WHI participants. We also acknowledge that estimating
individual exposure to air pollutants using our approach
may result in a considerable error and potential expo-
sure misclassification.70,71 Inadequate characterization of
personal exposure is known that can bias the magnitude
of the effect estimates in time series epidemiological
studies of ambient air pollution.72 However, exposure
potential exposure misclassification is likely to be non-
differential (i.e., independent of outcome status),
which has been shown to result in measures of associ-
ation consistently biased towards the null.73–75 However,
our study was designed to investigate the association
between living in a location with a certain level of air
quality and bone health. This approach has been
extensively used in air pollution research and is highly
relevant to regulating local and nationwide ambient air
quality standards.76 Previous studies in WHI77 and other
cohorts78,79 have illustrated that substituting imputed
personal exposure for ambient pollutant concentrations
shifts associations with outcomes away from the null
and decreases their precision.

On the other hand, our study has several strengths,
including the longitudinal design with data over more
than six years of follow-up, detailed information
regarding important osteoporosis risk factors, high
numbers of participants from various racial/ethnic
groups and various sites in the US, comprehensive
assessment of several air pollutants, application of
advanced mixture analysis to data from an at-risk cohort
of postmenopausal women, and high variability in
pollutant exposures. WHI participant addresses, from
study inception to the last visit, have been accurately
geocoded; therefore, average estimates for air pollutants
include potential changes in exposure. Other changes in
habits (e.g., smoking) may impact bone metabolism. For
example, it is known that osteocalcin and uncarboxy-
lated osteocalcin significantly increased after successful
smoking cessation, and it is associated with improve-
ments in BMD.80 These types of changes were not
included in our analyses. They may also influence our
results and potentially may also compromise our ability
to generalize our findings to other populations.

To our knowledge, this is the first analysis deter-
mining the impact of various criteria air pollutants,
particularly mixtures, on bone damage in post-
menopausal women. The inverse air pollutant–bone
damage association we observed was most substantial
over longer averaging periods for some pollutants, with
the lumbar spine being the most affected site, and with
effects observed at mean nitrogen oxides concentrations
that fall below current EPA National Ambient Air
Quality Standards. These results thus have implications
for the health of aging women and public health.
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