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Abstract

Peak bone mineral density (BMD) is one of the most important factors influencing the development of osteoporosis. It was
predicted that a 10% increase in peak BMD will delay the onset of osteoporosis by 13 years. However, changes in peak BMD
over time are unknown. This study aimed to investigate secular trends in peak BMD among young adults in the United States.
Based on the National Health and Nutrition Examination Survey from 1999-2018, 3,975 males aged 19-28 years and 2370
females aged 31-40 years were our target population for estimating peak lumbar spine BMD. BMD was measured by dual-
energy X-ray absorptiometry. Generalized linear models adjusted for multiple covariates were used to examine the secular
trends in peak BMD in males and females, respectively. Secular trends for peak lumbar spine BMD from 1999-2000 to
2017-2018 were not statistically significant in males or females (all ;e and Pyyyraic > 0.05). Similar results were observed
in race/ethnicity subgroups (all Pye,, and Pyyagryiic > 0.05). However, in stratified analyses by obesity category, peak lumbar
spine BMD in obese males and females increased from 1999-2000 to 2009-2010 and then decreased until 2017-2018, while
peak lumbar spine BMD in non-obese females decreased from 1999-2000 to 2005-2006 and then increased until 2017-2018
(all Pyyagrasic < 0.05). Peak lumbar spine BMD was greater in obese males and females than in non-obese males and females
up to 2009-2010, but not from 2011-2012 onwards. Overall, there were no significant secular trends in peak lumbar spine

BMD. However, secular trends differed between obese and non-obese groups.
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Introduction

Peak bone mineral density (BMD) is one of the most impor-
tant factors influencing the development of osteoporosis and
osteoporotic fractures [1-4]. A peak BMD increase of 10%
is predicted to delay the onset of osteoporosis by 13 years,
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while variation in the age of menopause and age-related
bone loss have much smaller effects [4]. If peak bone mass
were to be maintained up to the average age of menopause,
the prevalence of low femoral neck bone mass in females
aged 50 years would be reduced from 41 to 15% [5].

Data from the National Health and Nutrition Examina-
tion Surveys (NHANES) showed that femoral neck BMD
in people aged 30 years and older in 2013-2014 was lower
than in 2005-2012 [6]. Further studies demonstrated that
prediabetic adults aged 40 years and older had a declining
trend in lumbar spine and femoral neck BMD from 2005 to
2014 [7]. Whether there is a similar decreasing trend in peak
BMD among younger adults over time is unknown.

The prevalence of obesity in the United States has
increased over time [8]. Obesity is closely related to bone
health, mainly from the mechanical effects of skeletal load-
ing and the regulatory role of hormones and cytokines. This
includes the effects of estrogen, adiponectin, and proin-
flammatory cytokines, such as interleukin-6, interleukin-1,
and tumor necrosis factor «, on bone metabolism [9, 10].
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Participants aged 14 to 40 years with complete and valid bone mineral density (BMD) data in the National
Health and Nutrition Examination Survey, 1999-2018 (n=25,553)

Excluded participants:

and anticonvulsants) (n=1,725)

1) with bone metabolism related medications (i.e., steroids, thyroid hormone, anti-osteoporosis medications,

2) with bone metabolism related diseases (i.c., diabetes, thyroid disease, rheumatoid arthritis or osteoarthritis,
cancer, chronic obstructive pulmonary disease, and congestive heart failure) (n=1,325)
3) with missing data on related covariates (i.e., age, gender, BMI, race/ethnicity, and physical activity) (n=64)

Final included participants (n=22,439; 87.8% of the initial identified participants)

l

|

3,975 males aged 19-28 years and 2,370 females aged 31-40 years
were the target population for estimating peak lumbar spine BMD

1,744 males aged 16-25 years and 1,681 females aged 14-23 years
were the target population for estimating peak hip BMD

Fig. 1 Flowchart of inclusion and exclusions

Therefore, we hypothesized that the secular trend of peak
BMD may be influenced by obesity.

The primary objective of this research was to investigate
secular trends in peak BMD using data from the NHANES
from 1999-2000 to 2017-2018. Such information is criti-
cal for understanding bone health in young adults in the
United States, given the vital contribution of peak BMD to
the development of early osteoporosis.

Materials and Methods
Study Setting and Participants

The NHANES is a repeated cross-sectional study designed
to assess the health and nutritional status of the non-institu-
tionalized civilian resident population in the United States.
Data were obtained using a complex, stratified, multistage
probability cluster sampling design, including demographics
data, dietary data, examination data, laboratory data, ques-
tionnaire data and limited access data. From 1999 onwards,
the NHANES became a continuous survey; the survey data
are released every two years. The NHANES was approved
by the National Center for Health Statistics Research Ethics
Review Board. Written informed consent was obtained from
all participants.

All participants with complete and valid BMD data
between 1999-2000 and 2017-2018 were included in our
study. We defined the ages for attainment of peak lumbar
spine, femoral neck, and total hip BMD from previous
studies as 24 years, 21 years, and 21 years in males, and
36 years,19 years, and 19 years in females, respectively [11,
12]. Consistent with other studies, the population between
5 years before and 5 years after the peak BMD age at each

skeletal site were used to test for secular trends in peak BMD
[12, 13]. After combining the above study populations,
the analytic population was limited to participants aged
14-40 years (Fig. 1). Participants with a history of medica-
tion use (i.e., steroids, thyroid hormone, anti-osteoporosis
medications, and anticonvulsants) or diseases (i.e., diabe-
tes, thyroid disease, rheumatoid arthritis or osteoarthritis,
cancer, chronic obstructive pulmonary disease, and conges-
tive heart failure) affecting bone metabolism, and those with
missing data on the key covariates (i.e., age, gender, BMI,
race/ethnicity, and moderate or vigorous physical activity)
were excluded.

Research Measurements

The data were collected through household interviews, phys-
ical examinations and laboratory tests in mobile examination
centers. Age, gender, race/ethnicity, and physical activities
were collected face-to-face by training interviewers using a
structured questionnaire. Gender was categorized into male
and female. Race/ethnicity was self-reported and categorized
into Mexican American, non-Hispanic white, non-Hispanic
black, and other race people (including other Hispanic and
other race people). Moderate or vigorous physical activity
was defined as individuals participating in moderate or vig-
orous leisure-time activities. Body mass index (BMI) was
calculated as measured body weight (kg) divided by meas-
ured body height squared (m?) and divided into non-obese
group (< 30 kg/m?) and obese group (> 30 kg/m?).

Serum 25(OH)D (nmol/L) for 2001-2002 to 2015-2016
was measured with radioimmunoassay (DiaSorin RIA kit,
Stillwater MN)) and liquid chromatography-tandem mass
spectrometry (HPLC-MS/MS). To facilitate comparisons
of 25(OH)D across survey years, the 25(OH)D data for
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2001-2002 to 2005-2006 were converted to HPLC-MS/
MS equivalents by using regression equations [14]. Serum
total calcium (mg/dl) from 2001-2002 to 2017-2018 was
measured by the reaction of calcium with 5-nitro-5’methyl-
BAPTA (NM-BAPTA) and EDTA or o-cresol phthalein
complexes to form colored complexes or by using I.S.E. (ion
selective electrode) methodology.

Details regarding the dual-energy X-ray absorptiometry
(DXA) examination protocol have been published elsewhere
[15, 16]. Scanning was done in fast array mode. Lumbar
spine BMD was measured for survey years 1999-2018.
Hip BMD was measured for survey years 2005-2010. Prior
to 2010, BMD was measured with Hologic QDR-4500A
fan-beam densitometers. From 2011 onwards, BMD was
measured with Hologic Discovery model A densitometers.
The NHANES performed cross-calibration to standardize
BMD across the different Hologic DXA models, providing
generally equivalent BMD values in various Hologic DXA
models [17, 18]. Lumbar spine DXA scans were analyzed
with Hologic Discovery software version 12.1 from 1999
to 2004, Hologic APEX software version 3.0 from 2005 to
2010, and Hologic APEX software version 4.0 from 2011
to 2018. Hip BMD scans were analyzed with Hologic Dis-
covery software version 12.4. A previous study confirmed
that there was no difference in mean BMD when analyzed
using Discovery version 12.4 or APEX software version 4.0
[19]. The coefficient of variation for DXA measurements in
BMD was <0.60% [15, 16]. Anthropomorphic phantoms,
quality control (QC) charts, and respondent scans were each
reviewed at the mobile examination centers throughout this
study to ensure the quality of the data [17]. Valid BMD data
from the DXA scanning process was defined as no obstruct-
ing movable or immovable objects (including jewelry, pros-
theses, implants), no body parts beyond the scanning range,
no excessive noise caused by obesity, and normal posture.
There were 19% to 22% missing or invalid lumbar spine
BMD data for the NHANES 1999-2000 to 2003-2004.
According to the NHANES protocol, sequential regression
multivariate imputation (SRMI) was used to impute miss-
ing BMD data to ensure a representative study sample [20].

Statistical Analysis

All analyses incorporated the survey sample weights, strati-
fication, and clustering of the complex sampling design to
ensure nationally representative estimates. All data were
analyzed using the SPSS (Version 24.0, IBM SPSS, IBM
Corp, Armonk, NY, USA) and the R (version: 4.1.2; R Foun-
dation for Statistical Computing, Vienna, Austria).

We calculated means and standard errors (SEs) of the
continuous covariates and percentages (%) of the categorical
covariates at different skeletal sites for males and females,
respectively. We conducted linear and quadratic trend tests
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for continuous covariates in generalized linear models with
an identity link function and categorical covariates in gen-
eralized linear models with quasibinomial regression and a
logit link function by treating survey years (i.e., 00, 02, 04,
06, 08, 10, 12, 14, 16, 18) as a continuous variable. Adjusted
means and 95% confidence intervals for peak BMD at dif-
ferent skeletal sites in males and females were estimated,
respectively. Generalized linear models with an identity link
function were used to test for secular linear and quadratic
trends in peak BMD across survey years; we adjusted for
age (continuous), BMI (continuous), race/ethnicity (Mexi-
can American, non-Hispanic white, non-Hispanic black,
and other race), and moderate or vigorous physical activ-
ity (yes/no). Unadjusted models were also constructed. To
test whether body weight and height impacted the results,
we further adjusted for age (continuous), body weight (con-
tinuous), body height (continuous), race/ethnicity (Mexi-
can American, non-Hispanic white, non-Hispanic black,
and other race), and moderate or vigorous physical activity
(yes/no) in the models. To evaluate potential differences in
trends between population subgroups (BMI and race/ethnic-
ity), subgroup analyses and interaction terms tests (i.e., sur-
vey years*BMI group, survey years*race/ethnicity, survey
years>*BMI group, and survey years>*race/ethnicity) were
performed for males and females, respectively. When linear
or quadratic trends were statistically significant, Dunnett
t-tests were performed to compare differences in peak BMD
between each survey cycle and the most recent survey cycle
(2017-2018) [21]. To compare differences in peak BMD
among different race/ethnicity subgroups, one-way analysis
of variance (ANOVA) was used separately for males and
females, followed by Scheffe multiple comparisons tests.
Lastly, to determine whether serum 25(OH)D and serum
total calcium levels impacted the above trends, we further
adjusted for serum 25(OH)D and serum total calcium in
the fully adjusted models; individuals with missing serum
25(OH)D and serum total calcium data (the percentage of
total missing data from 2001-2018 was 7.9% for males and
5.6% for females) were excluded from the analysis.

Results

A total of 22,439 participants aged 14-40 years were
included in the analytic study population (12,773 males and
9,666 females) (Fig. 1). Males aged 19-28 years (n=3,975)
and females aged 31-40 years (n=2,370) were our target
population for estimating peak lumbar spine BMD. Lum-
bar spine BMD data were available from 1999-2000 to
2017-2018 (Table 1 and Supplemental Table 1). Average
BMI and the percentage of obese participants in males
and females increased from 1999-2000 to 2017-2018 (all
Plinear <0.05). Within BMI subgroups, average BMI for
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obese males, obese females, and non-obese females also
showed increasing trends from 1999-2000 to 2017-2018
(all Pyjpear <0.05), while average BMI of non-obese males
decreased with survey years (Pjjp.,, < 0.05). Average body
weight also rose among males and females from 1999-2000
to 2017-2018 (all Py, <0.05). Average body height in
males increased from 1999-2000 to 2005-2006 and then
declined until 2017-2018 (Pyyqqraic = 0.014), while there was
no significant change in females (Pyjpe,r and Pgyygragic > 0.05).
The percentage of participants with moderate or vigorous
physical activity in males and females showed upward
trends from 1999-2000 to 2005-2006 and downward trends
from 2005-2006 onwards (all Pgyuqraiic <0.05). There were
decreasing trends from 1999-2000 to 2005-2006 and
increasing trends until 2017-2018 in the percentage of other
race males (Pgygraic = 0.010). In females, the percentage of
Mexican American participants increased from 1999-2000
t0 2017-2018 (P}j,eqr = 0.003), while the percentage of other
race participants declined before 2003—2004 and then rose
from 2003-2004 to 2017-2018 (P gyygratic = 0-003).

When we analyzed participants with complete data on
serum 25(OH)D and serum total calcium, we found that
there was no significant change in serum 25(OH)D levels
among males and females from 2001-2002 to 2017-2018
(Piinear a0d Pgydraiic > 0.05; Supplemental Table 2). Serum
total calcium levels of males and females showed decreasing
trends during survey years (all Py;,.,. <0.001). Other charac-
teristics, including BMI, body weight, height, moderate or
vigorous physical activity, and race/ethnicity, showed identi-
cal trends over survey years as the overall population above.

We estimated peak hip BMD in males aged 16-25 years
(n=1,744) and females aged 14-23 years (n=1,681).
Hip BMD data were only available between 2005-2006
and 2009-2010 (Supplemental Table 3). The percentage
of participants with moderate or vigorous physical activ-
ity decreased in females from 2005-2006 to 2009-2010
(Pjinear <0.001). The percentage of other race males
increased from 2005-2006 to 2009-2010 (Py;peqr =0.003).

From 1999-2000 to 2017-2018, there were no significant
secular trends in peak lumbar spine BMD in males or females
after adjusting for age, BMI, race/ethnicity, and moderate
or vigorous physical activity (all Pj,e,e and Pgyygearic > 0.05;
Fig. 2). The results remained essentially unchanged in the
unadjusted models as well as in the adjusted models that
included body weight and height (all Py, and Pgygryic > 0.05;
Supplemental Fig. 1). When we further adjusted for serum
25(OH)D and serum total calcium, similar results were noted
(all Pyjpeqr and Pyparaiic > 0-05; Supplemental Fig. 2). After
adjusting for age, BMI, race/ethnicity, and moderate or vig-
orous physical activity, no significant secular trends were
observed for peak femoral neck and total hip BMD in males
and females from 2005-2006 to 2009-2010 (all Py, and
P > 0.05; Supplemental Fig. 3).

quadratic
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In subgroup analyses by obesity category, after adjusting for
age, BMI, race/ethnicity, and moderate or vigorous physical
activity, we noted significant interactions between obese and
non-obese groups in males and females for secular trends in
peak lumbar spine BMD (all Py acii0n < 0.05; Fig. 3). Peak
lumbar spine BMD in obese males and females increased from
1999-2000 to 20092010 and decreased until 2017-2018 (all
P guadratic <0-05). From 2009-2010 to 2011-2012, the mean
peak lumbar spine BMD declined from 1.108 to 1.062 g/
cm? in obese males and from 1.120 to 1.033 g/cm? in obese
females. However, peak lumbar spine BMD in non-obese
males remained stable across survey years, 1999-2018 (Py;c.r
and Pg,qryic > 0.05). Peak lumbar spine BMD in non-obese
females decreased from 1999-2000 to 2005-2006 and then
increased until 2017-2018 (Pgygragic < 0-05). From 1999-2000
to 2009-2010, peak lumbar spine BMD in obese males and
females was higher than that in non-obese participants,
while such differences were no longer seen from 2011-2012
onwards. Similarly, identical results were found when we
conducted unadjusted or adjusted models that included body
weight and height (Supplemental Fig. 4). Further adjustment
for serum 25(OH)D and serum total calcium did not alter the
observed trends (Supplemental Fig. 5). From 2005-2006 to
2009-2010, the secular trends for peak hip BMD were not
significant after adjusting for age, BMI, race/ethnicity, and
moderate or vigorous physical activity in obese and non-obese
males and females (all Py, and Py, grqic > 0.05; Supplemen-
tal Fig. 6).

In subgroup analyses by race/ethnicity, after adjusting for
age, BMI, and moderate or vigorous physical activity, secu-
lar trends for peak lumbar spine BMD were not significant
in any race/ethnicity subgroup for males and females, though
peak BMD between race/ethnicity subgroups differed (all
Piinear a0d P graiic > 0.05; Supplemental Fig. 7). No signifi-
cant secular trends were observed for peak hip BMD in most
male and female race/ethnicity subgroups between 2005-2006
and 2009-2010 when we adjusted for the above covariates
(@ll Pipeqe and Py graiic > 0.05; Supplemental Fig. 8). Overall,
non-Hispanic Black males and females had higher peak lum-
bar spine and hip BMD than other race/ethnicity subgroups
(all P<0.05; Supplemental Figs. 7, 8). When we compared
peak lumbar spine BMD between non-Hispanic Black and
non-Hispanic White females, differences from 1999 to 2018
ranged from 0.011 to 0.130 g/cm?, with an overall significant
mean peak BMD difference of 0.053 g/cm?® (P <0.001).

Discussion

In this study, we found no statistically significant secu-
lar trends in peak lumbar spine BMD from 1999-2000 to
2017-2018 or peak hip BMD from 2005-2006 to 2009-2010
in males or females overall. However, in subgroup analyses,
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Fig.2 Secular trends in peak
lumbar spine bone mineral
density (BMD), stratified by
gender, the NHANES 1999—
2018. The values plotted in each 1.159
year are the means. The vertical
bars represent 95% confidence
intervals. Pjpe,e and Pyyagraiic
were adjusted for age (continu-
ous), BMI (continuous), race/
ethnicity (Mexican American,
non-Hispanic white, non-His-
panic black, and other race), and
moderate or vigorous physical
activity (yes/no)

1.10+

1.05+

1.00

0L

Lumbar spine BMD (g/cm”2)

Male

-~ Plinear=0.158 P quadratic=0.316

0.00

1.207

1.10+

Lumbar spine BMD (g/cm*2)

1.009
0oL

T T T T T T T T T T
1999-2000 2001-2002 2003-2004 2005-2006 2007-2008 2009-2010 2011-2012 2013-2014 2015-2016 2017-2018

Survey years

Female

—e— Plinear=0.762 P quadratic=0.960

0.00

secular trends in peak lumbar spine BMD were modified by
obesity; BMD was greater in obese than non-obese males
and females up to 2009-2010, but not from 2011-2012
onwards.

Previous studies on BMD trends in the United States
showed no significant linear or quadratic trends in lumbar
spine BMD from 2005-2006 to 2013-2014 [19]. Although
partially consistent with our findings, it is important to note
that their study focused on people aged 50 years or older and
had a relatively short survey period. Another study found
that hip BMD in people aged 30 years and older remained
unchanged from 2005-2006 to 2009-2010 but significantly
decreased in 2013-2014 [6]. In our study, the non-significant
trends in peak hip BMD could also be a function of the short
study interval.

In subgroup analyses by obesity category, we found
that peak lumbar spine BMD in obese males and females
increased from 1999-2000 to 2009-2010 and was higher
than in non-obese participants. However, from 2009-2010

T T T T T T T T T
1999-2000 2001-2002 2003-2004 2005-2006 2007-2008 2009-2010 2011-2012 2013-2014 2015-2016 2017-2018

Survey years

onwards, peak lumbar spine BMD in obese participants
decreased and was no longer higher. Research has shown that
the impact of obesity on bone health is complex. Although
two recent meta-analyses have found a positive correlation
between obesity and higher BMD, there was increasing evi-
dence that the impact of obesity on BMD varied depending
on its fat distribution and other related influencing factors
[10, 22, 23]. The higher BMD in obese individuals might
be due to the mechanical effect of body weight on bones,
which was mainly determined by body lean mass [10, 24].
In our study, the percentage of individuals with moderate or
vigorous physical activity was higher from 1999-2000 to
2005-2006, contributing to increased mechanical load [24].
We found that the percentage of individuals with moderate
or vigorous physical activity decreased from 2007 to 2018.
Previous studies found that there was an increase in seden-
tary time from 2007 to 2016, and an increase in total fat and
high saturated fat intake from 1999 to 2016 and processed
food intake from 1999 to 2018 among adults in the United
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Fig.3 Secular trends in peak
lumbar spine bone mineral den-
sity (BMD), stratified by gender
and obesity, the NHANES
1999-2018. The values plotted
in each year are the means. The
vertical bars represent 95% 1.201
confidence intervals. Py,
Pquadratic’ Plinearinteraction and
Pquadratic interaction WEIC adjuSted
for age (continuous), BMI
(continuous), race/ethnicity
(Mexican American, non-
Hispanic white, non-Hispanic
black, and other race), and
moderate or vigorous physi-
cal activity (yes/no). * and **
indicate statistically significant

1.10+

1.00+

I

0.00 r I

Lumbar spine BMD (g/cm”2)

Male

—— Non-obese group P linear=0.925 P quadratic=0.496
- Obese group P linear=0.013 P quadratic=0.005
P linear interaction=0.004 P quadratic interaction=0.001

*

difference compared with peak
bone mineral density (BMD) in
2017-2018 at alpha=0.05 and

alpha=0.01, respectively

1.20

1.10+

Lumbar spine BMD (g/cm”2)

1.00

0.00 I T T

T T T T T T T T
1999-2000 2001-2002 2003-2004 2005-2006 2007-2008 2009-2010 2011-2012 2013-2014 2015-2016 2017-2018

Survey years

Female

—— Non-obese group P linear=0.112 P quadratic=0.021
= Obese group P linear=0.011 P quadratic=0.010
P linear interaction=0.002 P quadratic interaction<0.001

ok !
* 1

T T T T T T T T
1999-2000 2001-2002 2003-2004 2005-2006 2007-2008 2009-2010 2011-2012 2013-2014 2015-2016 2017-2018

States [25-27]. These changes led to excessive fat accumula-
tion and abdominal obesity, which was detrimental to BMD
in obese individuals, probably mainly through oxidative
stress and chronic inflammation [9, 28]. Therefore, changes
in the relative ratio of body lean mass to body fat mass and
fat distribution in obese participants over the study period
are potential explanations for our findings. Another possible
explanation is that osteoblasts in obese individuals decrease
as the number and metabolic rate of adipose tissue increase
since both osteoblasts and adipose tissue originate from
mesenchymal stem cells [29]. Obesity can also lead to the
transformation of mesenchymal stem cells into bone marrow
fat by promoting the inflammatory microenvironment in the
bone marrow, both of which have adverse effects on BMD,
especially in the lumbar vertebrae rich in trabecular bone
[30-32]. Lastly, we found that both average BMI and body
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Survey years

weight increased from 1999-2000 to 2017-2018, suggest-
ing that obese participants were more obese than before; the
deleterious effects of obesity (especially among obese young
adults) on bone health may be worse over time.

The main changes in the NHANES from 2011 to 2018
were an oversampling of non-Hispanic Asian participants
and a decrease in sample size for non-low-income non-
Hispanic white participants, which might affect observed
trends. Because Asian participants had lower BMD and obe-
sity prevalence than non-Asian participants, and individuals
with lower incomes were more likely to be underweight and
accumulate visceral fat, this might have a negative impact on
bone metabolism [33-35]. However, in this study, non-His-
panic Asian participants accounted for less than 7% of the
total male and female population, which is unlikely to alter
the BMD distribution of the total population. In addition,
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the results were not affected before and after adjusting for
covariates including race/ethnicity, suggesting that changes
in sampling strategy do not explain the findings.

In subgroup analyses by race/ethnicity, although mean
peak lumbar spine BMD differences between non-Hispanic
black and non-Hispanic white females varied from 1999 to
2018 (ranging from 0.011 to 0.130 g/cm?), the overall mean
peak BMD difference remained statistically significant.
Therefore, we believed that non-Hispanic black females
had statistically higher peak lumbar spine BMD other racial
groups overall, despite variability for individual survey
years. Other studies have also suggested that BMD differ-
ences between races/ethnicities varied over time [6].

Osteoporotic fracture is a severe complication of osteo-
porosis, which can lead to reduced quality of life, disability,
and even death, with significant economic burden [36]. The
accrual of bone mass during childhood and adolescence is
essential to reducing the risk of osteoporosis and osteoporo-
tic fractures later in life [24]. For the overall population,
secular trends in peak lumbar spine and hip BMD across
survey years were not statistically significant. Therefore,
from a population perspective, the role of peak BMD on
later osteoporosis risk is likely to remain stable. However, it
should be noted that mean peak lumbar spine BMD among
obese males and females decreased by approximately 4—8%
from 2009-2010 to 2011-2012. If such differences are sus-
tained until later life, obese individuals might experience a
clinically meaningful 5-10 years earlier onset of osteopo-
rosis. Whether this is actually observed will require future
long-term prospective studies.

The current study has several strengths. We studied
nationally representative BMD data from the NHANES,
ensuring the generalizability of our results to the general
population in the United States. In addition, our study inves-
tigated secular trends in peak lumbar spine BMD across
20 years, which was a considerable period, and the sample
size was large enough for subgroup analyses.

Several limitations of this study are acknowledged. First,
due to the cross-sectional data in the NHANES, we were
unable to determine the longitudinal effects of factors on
peak BMD trends. Second, although the NHANES per-
formed strict quality control for BMD measurements, it
remains unclear whether there was any impact on measure-
ments in obese people. In particular, obese individuals have
greater tissue thickness than non-obese individuals, which
can negatively affect BMD measurements due to scanning
artifacts [37]. Although we adjusted for BMI in our study,
which partially captures tissue thickness, we cannot fully
exclude the adverse effects of tissue thickness on peak BMD
trend results across survey years. Finally, we only studied
the secular trends in peak hip BMD from 2005-2006 to
2009-2010. Whether a longer study duration would change
our findings warrants further research.

In summary, there were no significant secular trends in
peak lumbar spine and hip BMD in males and females. How-
ever, secular trends for peak lumbar spine BMD in obese
participants decreased from 2009-2010 to 2017-2018, and
peak lumbar spine BMD in obese participants was no longer
higher than that in non-obese participants from 2011-2012
onwards. Additional prospective studies are needed to con-
firm this apparent decline among obese individuals and
understand the reason(s).
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