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ABSTRACT

Background: Obesity improves areal bone mineral density (aBMD). However, it is unknown whether gender,
ageing or the severity of obesity could modulate this effect and whether different bone sites are similarly affected.
Objective: The aim of this observational study was to model the aBMD variation in obese patients from peak bone
period to old age according to gender, bone localisation and severity of obesity.

Subjects and methods: Five hundred and four obese patients (363 women, 72%) with a mean BMI of 38.5 £+
6.0 kg/m?, aged from 18.1 to 81.9 years (mean age 49.6 + 14.6 years) were recruited. The whole body (WB),
hip, lumbar spine (L1-L4) and one-third radius aBMDs were determined using dual-energy x-ray absorptiometry
(DXA).

Results: Z-scores were significantly increased, above the age- and gender-related mean, both for women and men
at WB (respectively 0.79 SD and 0.32 SD), hip (1.09 SD and 1.06 SD), one-third radius (1.70 SD and 0.45 SD) and
L1-L4 levels (0.86 SD for women only). The improvement of Z-scores was significantly more marked in women
compared to men at all bone sites, hip excepted. Furthermore, differences compared with normal values were
significantly accentuated by ageing, without noticeable gender effect. In women, regardless of BMI and bone
site, Z-scores were higher than normal values, this difference being most marked at WB, L1-L4 and hip levels
for obese patients with a BMI above 40 kg/m?. Lean mass, but not fat mass, was independently associated with
aBMD in men and women.

Conclusion: This study demonstrated for the first time that obesity induces an improvement of aBMD, which is
modulated by bone site location, severity of obesity, age and gender. The accentuation of peak bone mass com-
bined with a reduction of bone loss rate with ageing may explain why obese patients present a lower prevalence
of osteoporosis.

1. Introduction

that obese patients present higher areal bone mineral density (aBMD)
than normal-weight control subjects [3-7]. Indeed, increased body

Obesity is a major public health concern. In fact, more than 50% of
the United State adult population are overweight or obese, and it is
estimated that this rate would reach 75% by 2020 [1]. In Europe,
the prevalence of overweight and obesity in individuals older than
50 years is 49.8% and 13.3% for men and 36.1% and 13.5% for women, re-
spectively, however with substantial variation across countries [2]. Both
overweight and obesity are associated with chronic health conditions,
such as type 2 diabetes, high blood cholesterol, and hypertension [2].
Despite their physical inactivity, several studies have demonstrated
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weight or body mass index (BMI) is associated with higher aBMD and
reduced fracture risk [8].

Nevertheless, the effect of obesity on bone mass throughout adult
life is not well described, although it is an important issue as both
prevalence of obesity and life expectancy are increasing. Indeed, most
studies included specific categories of patients: premenopausal [3,4,6]
or postmenopausal women [5-7], young men [6,9] or both men
and women [3,6] and results suggested that the effect of obesity on
bone mass could be modulated by gender and/or ageing [6,10]. To our
knowledge, only one recent study has simultaneously included young
(25-40 years old) and older (55-75 years old) men and women, with
or without obesity. The results showed a more important effect of obe-
sity on aBMD of older adults compared to younger, without any gender
effect [6]. However, the analysis in two subgroups (i.e., young and older)



did not allow for a global evaluation of aBMD variation throughout adult
life [6].

Therefore, the aim of this study was to analyse the relationship be-
tween aBMD and obesity, at different bone sites, throughout the adult
life of men and women with different severity of obesity. We also inves-
tigated other factors related to body composition in order to identify
those potentially implicated in the “bone adaptation” at weight-bearing
and non-weight-bearing skeletal sites.

2. Subjects and methods

This observational study was based on the evaluation of obese
patients (BMI > 30 kg/m?), recruited in the Nutrition Clinic of the
University Hospital of Montpellier, France, between December 2012
and February 2014 where they had been referred for metabolic and
physical assessment of their obesity. The majority of patients had a
long-standing history of obesity (more than 5 years) and was not taking
any calcium or vitamin D supplementation. None of the included pa-
tients had undergone bariatric surgery or presented with a known
bone disease. Patients with prosthesis or a body weight > 190 kg were
excluded from the study due to the limitations of the densitometry
device. Medical history and menopausal status, when relevant, were ob-
tained by questionnaires. Moreover, histories of smoking status, diabe-
tes mellitus, as well as current medications were recorded. Height and
weight were measured wearing light clothing and no shoes; BMI was
calculated as weight in kg divided by the square of height in metres
(kg/m?). Waist circumference was recorded to the nearest 0.1 cm mid-
way between the last rib and the crest of the ileum using a non-stretch
tape measure. Each patient was categorized in a group according to
the grade of obesity using the World Health Organization (WHO) defi-
nition [11]: class I (BMI 30-34.9 kg/m?), class Il (BMI 35-39.9 kg/m?),
or class Il (BMI > 40 kg/m?).

2.1. Patients' consent

All participants gave written informed consent. The study was per-
formed according to the principles of the Declaration of Helsinki and
was approved by the local ethics committee (CPP Sud-Méditerranée
IV, Montpellier, France). All patients were entered into a registry with
data collected during their hospitalization, including anthropometric,
clinical and biological information (N°DC-2009-1052).

2.2. Laboratory procedures

Blood was drawn in the morning after an 8-hour overnight fast.
Plasma calcium and phosphorus levels were assayed using Cobas 6000
(Roche Diagnostic, Mannheim, Germany).

2.3. Bone mineral density, body fat and lean mass

aBMD (g/cm?) at the whole body (WB) as well as at specific bone
sites: the antero-posterior lumbar spine (L1-L4), the non-dominant
one-third radius and the hip were measured using dual-energy x-ray
absorptiometry (DXA; Hologic QDR-4500A, Hologic, Inc., Waltham,
MA). The soft tissue body composition (fat mass [FM, kg], percentage
of body fat mass [% FM| and lean mass [LM, kg]) were derived from
the whole-body scan. The same operator, after following standard qual-
ity control procedures, performed all scanning and analysis to ensure
consistency. Quality control for DXA was checked daily by scanning
a lumbar spine phantom consisting of calcium hydroxyapatite embed-
ded in a cube of thermoplastic resin (DPA/QDR-1; Hologic x-calibre
anthropometrical spine phantom). The coefficients of variation (CV)
given by the manufacturer were 0.8% for spine and radius, 1.1% at the
total proximal femur, and <1% for LM and FM.

aBMD values are expressed as absolute values (g/cm?) or as Z-scores,
which reflect the comparison between the absolute value of each

subject and the age-based norm using the Hologic white female and
male database. The Z-score is the number of standard deviations a
patient's aBMD differs from the average aBMD corresponding to their
age and sex in the whole population.

2.4. Osteopenia and osteoporosis definition

Osteopenia and osteoporosis were defined according to WHO
criteria [12]: osteopenia by the lowest T-score at the spine or hip
between —1 and — 2.5, and osteoporosis by a T-score at the spine
or hip £ —2.5. Normal bone density was defined by a T-score at the
spine and total hip > —1.

3. Statistical analysis

The characteristics of the patients are described with proportions
for categorical variables and with means + standard deviations (SD)
for quantitative variables. The continuous variable distributions were
tested by the Shapiro-Wilk statistical test.

We first estimated Z-scores of aBMD adjusted for age according to
bone site and gender, using a linear mixed model to account for correla-
tions between the measurements of different bone sites. This model
included a subject-specific random intercept; the fixed effects were
age, aBMD site, gender and the two-way and three-way interaction
terms between these three variables. We then customized statistical
tests (using “estimate” function in PROC MIXED) in order to compare
(1) the estimated value of Z-score (and change of Z-score with age)
to 0 for each bone site for men and women, (2) the estimated value of
Z-score (and change of Z-score with age) between men and women
for each bone site, (3) the estimated value of Z-score (and change in
Z-score with age) between each bone site for men and women. The ef-
fect of obesity grade was analysed separately for men and women using
the same type of linear mixed model and statistical test. These models
included a subject-specific random intercept; fixed effects were age,
aBMD sites, grade of obesity and the two-way and three-way interac-
tion terms between these variables. As Z-scores were linked with age
in our obese population, we had to set an age of interest to compute
these estimates and comparisons. We set age to 49.6 years, as this was
the mean age of the cohort. Finally, we analysed the effects of fat mass
and lean mass, and their interactions with gender and aBMD sites,
first separately then jointly, in order to account for the potential con-
founding effect of one another. We used linear mixed models with
subject-specific random intercept adjusted for age, aBMD sites, gender,
the two-way and three-way interaction terms between these variables,
height and interaction between height and aBMD sites.

The relationship between aBMD and age has also been analysed
graphically for each bone site in men and women (and according to
the grade of obesity) using thin plate regression spline models. The
smoothing parameters have been chosen by minimizing the general-
ized cross validation function. The results are expressed graphically
with their 95% Bayesian confidence interval.

In order to control for the family wise error rate, we used Tukey's
(when possible) or Hochberg's multiple comparison procedures. Statis-
tical analyses were performed at the conventional two-tailed o level of
0.05 using SAS version 9.2 (SAS Institute, Cary, NC).

4. Results
4.1. Patients' characteristics

Atotal of 504 obese patients [363 women (72%) and 141 men (28%)]
with age ranging from 18.1 to 81.9 years (mean 49.6 + 14.6) partici-
pated in this study. Therefore, this age range included the period
from youth to elderly. Women had a mean BMI of 38.8 + 6.0 kg/m?,
with 40.4% having class [ obesity, 38.3% class II, and 34.4% class IIL
Men had a mean BMI of 37.9 + 6.0 kg/m?, with 40.4% having class



obesity, 31.9% class II, and 27.7% class III. Baseline characteristics of the
patients according to the gender are summarized in Table 1.

4.2. Variations of aBMD and Z-score according to the bone site and the
gender

Tables 1 and 2 present the values of aBMD (g/cm?) and Z-score (SD)
at various bone sites according to the gender. All the Z-score means, ex-
ceptat L1-L4 site for men, were significantly different from 0 (i.e. aBBMD
significantly above the age- and gender-related average value in the
whole population) for all bone sites: whole-body (0.79 SD, p < 0.01 for
women; 0.32 SD, p < 0.01 for men), total hip (1.09 SD, p < 0.01; 1.06
SD, p < 0.001), one-third radius (0.32 SD, p <0.01; 0.50 SD, p < 0.01)
and L1-L4 (0.86 SD, p < 0.01 for women only). Furthermore, the analysis
by bone site in men demonstrated that means of Z-score were higher at
the hip than at the L1-L4, one-third radius and whole-body. For women,
Z-scores were higher at the one-third radius than at the other three
bone sites and Z-score was higher at the hip than L1-L4 and whole-
body (Table 2). When comparisons were performed according to gen-
der, Z-scores were significantly higher in women than in men, for all
bone sites, hip excepted.

4.3. Variations of aBMD and Z-score according to the bone site and ageing

For women, aBMD decreased significantly with age at all bone sites,
while in men we observed no variation with age, except at the L1-L4
level (data not shown). However, Z-score increased significantly with
age at all bone sites for women, with these differences more marked
at L1-L4 and one-third radius levels (Table 2). For a given age, no signif-
icant effect of menopause was demonstrated on Z-score variation
regardless of the bone site (data not shown). For men, Z-score also

Table 1
Characteristics of study population.
Females Males
Number of subjects 363 141

Age (years)

Anthropometric data
Weight (kg)

Height (cm)

BMI (kg-m~2)

Waist circumference (cm)
Hip circumference (cm)
WB FM (%)

WB FM (kg)

WB FFST (kg)

Clinical data
Menopausal status (n, %)

(pre —/post-menopausal)

Smoking (n, %)
(current, former, never)
Diabetes mellitus (n, %)

Blood parameters

Calcium (mmol/l)

Phosphorus(mmol/l)
(mmol/1)

Areal bone mineral density
WB (g.cm™?2)

Z-score WB (SD)

L1-L4 (g.cm™2)

Z-score L1-14 (SD)

Hip (g.cm™2)

Z-score hip (SD)

1/3 Radius (g.cm~2)
Z-score 1/3 radius (SD)

483 + 14.7[18.1-80.1]

101.9 + 17.1 [65-163]
162.1 + 6.9[134-182]
38.8 + 6.0 [30-61.8]
1124 + 132 [79-161]
124.9 + 12.7 [103-166]
450 + 4.7 [27.8-63.2]
46.8 + 11.0 [24.5-80.8]
548 + 7.9[34.7-72.5]

191 (52.6%)/172 (47.8%)

46 (14.7%)/49 (15.7%)/217
(69.6%)
90 (24.8%)

2.36 + 0.17 [0.60-3.2]
1.12 + 034[051-5.1]

1.11 £ 0.10 [0.87-1.50]
0.78 + 1.07 [—2.2-5.8]
1.04 + 0.14[0.62-1.53]
0.77 + 1.26 [—2.8-5.7]
1.03 + 0.13 [0.56-1.40]
1.08 £ 1.06 [—2.1-4.4]
0.72 + 0.07 [0.37-0.92]
1.68 + 1.25 [—1.3-6.0]

52.9 + 13.4[19.5-81.9]

1149 + 19.1 [83.3-185.7]
1742 + 7.5 [149-190]
37.9 + 6.0 [30.3-66.2]
122.2 + 12.7[93-155]
118.1 + 12.7 [75-162]
354 + 63 [21.2-53.44]
41,6 + 12.6 [19.4-96.5]
72.5 + 9.1[44.8-93.9]

20 (15.6%)/52 (40.6%)/56
(43.7%)
62 (44.0%)

2.36 + 0.16 [0.98-2.63]
1.02 + 0.19[0.61-1.57]

1.19 + 0.1 [0.94-1.55]
037 + 1.04 [—2.4-4]
1.07 + 0.16 [0.75-1.68]
027 + 1.54 [—2.9-6]
1.12 + 0.14[0.72-1.44]
112 4+ 1.1[—1.7-3.7]
0.80 -+ 0.09 [0.46-1.00]
0.63 + 1.49 [—3.4-7.0]

Legend: Data are represented by mean =+ standard deviation [minimum-maximum]. WB:
whole body; FM, fat mass; FFST: fat free soft tissue; L1-L4: lumbar spine; FN: femoral
neck; 1/3 radius: one-third radius; Z-score: Z-score is defined as a difference (SD) with a
gender- and age-matched population; SD: standard deviation.

Table 2

Z-score means of areal bone mineral density adjusted for age, and mean changes in
Z-scores with age: comparison to reference values (Z-score = 0) according to gender
and bone sites.

Females” p-value™ Males” p-value”™  Females vs
males
p-value

Z-score means (SEM) for a 49.6 years old subject.

Whole body 0.79 (0.06) * <0.01 032 (0.10)* <0.01 <0.01
L1-14 0.86 (0.06) * <0.01 0.15(0.10) * 0.13 <0.01
Hip 1.09 (0.06) > <0.01 1.06 (0.10) ®  <0.01 1.00
1/3 Radius 1.70 (0.06) ¢ <0.01 0.45 (0.10) * 0.012 <0.01
Mean change in Z-scores (SEM) for an increasing of 10 years of age

Whole body 0.11 (0.04)* <0.01 0.06 (0.07) * 0.37 0.58
L1-14 0.28 (0.04)® <0.01 039 (0.07)" <0.01 0.16
Hip 0.17 (0.04)* <0.01 0.17 (0.07) * 0.01 091
1/3 Radius 032 (0.04)" <0.01 050 (0.07)" <0.01 0.04

Legend: * Z-score means, or mean changes in Z-score, are not significantly different
(p > 0.05) according to bone site for a given gender when they share the same letter.
**p-value < 0.05 indicates that Z-score means, or mean changes in Z-score, are significantly
different from 0.

L1-L4: lumbar spine, 1/3 radius: one-third radius.

As Z-scores were linked to age in our obese population, we had to set an age in our models
in order to give punctual estimations of Z-scores and compare these estimates to 0 and
between groups. We chose to set age to 49.6 years, as it was the mean age of the cohort.

increased significantly with age at L1-L4, hip and one-third radius
levels. Furthermore, excepted at one-third radius, Z-score increased
similarly with age in men and in women. The variations of aBMD and
Z-score with age from 18.1 to 81.9 years, according to the gender are
graphically represented in Fig. 1. See Fig. 2

4.4. Prevalence of osteopenia and osteoporosis in obese patients

Over 50 years old, 73.3% of women had normal aBMD, 18.5% were
osteopenic, and 8.3% were osteoporotic, while for men, the repartition
was 70.1%, 26.0% and 3.9%, respectively.

4.5. Variation of aBMD and Z-score according to obesity severity

In order to analyse the effect of obesity severity on aBMD, the patients
were subdivided according to their BMI class (1, 2 or 3) (Table 3). For
women, regardless of BMI or bone site, Z-scores were significantly higher
than 0, the increase of whole-body Z-score being more marked than at
L1-L4 and hip bone sites for grade 3 obesity patients compared to
grade 1 and 2 obese patients. For men, Z-score was significantly higher
than 0 at the hip, without any effect of obesity severity. Although a gain
of Z-score with age was demonstrated at various bone sites in men and
women, no difference according to BMI class was identified in this study.

4.6. Relationship between Z-score and body composition

Relationship between Z-score and body composition (fat mass and
lean mass) according to the bone site is summarized in Table 4. In
women, an increase of fat mass or lean mass was positively correlated
with an increase of Z-score at all bone sites. Moreover, influence of the
effect of lean mass on Z-score appeared site-dependent. In men, only
an effect of lean mass on hip and whole-body's Z-score was observed,
without any bone site difference. When fat mass and lean mass were
concomitantly entered into the models, only lean mass was correlated
to Z-score in men at hip and whole-body levels and in women at all
sites with a site-dependent effect. No gender effect was in relation to
the effect of fat mass or lean mass on the Z-score.

5. Discussion

In this study, we modelled for the first time, the effect of obesity
on aBMD according to gender, age, bone site and obesity severity
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Fig. 1. Modelling of areal bone mineral density (aBMD) and Z-score variations at various bone sites in women obese patients. The dashed curves represent the 95% confidence interval.

throughout adult life, using a large sample of well-characterized obese
patients. Our results clearly show that obese patients display higher
aBMD than normal-weight subjects, the effect of obesity being further
accentuated with ageing. Furthermore, the magnitude of this effect de-
pends on the gender, obesity severity and bone site.

Our cross-sectional analysis demonstrated that patients suffering
from obesity present elevated aBMD. Furthermore, Z-scores indicated
that the improvement of bone mass was observable not only for
the whole skeleton, but also at central (lumbar spine and hip) and ap-
pendicular skeletal sites (one-third radius). aBMD in obese patients was
higher from + 5.6% at whole body to 4 15.2% at the hip level, strongly
confirming previous works [3,6,13]. This may be attributable to a positive
balance between bone formation and bone resorption in obese patients,
as previously evaluated by bone turnover markers [6]. Moreover, the
analysis in subgroup according to gender provided new data, suggesting
that bone tissue is more sensitive to obesity-related effects in women
than in men. This was demonstrated by systematic higher Z-scores at
whole-body, L1-L4 and one-third radius levels in women compared to
men. Conversely, no difference between groups was observed at the
hip. Previous work did not find any interaction between obesity and

gender on aBMD, probably due to the limited number of participants,
but demonstrated a gender interaction with some bone parameters
(i.e., cortical tissue mineral density or cortical thickness) determined by
HR-pQCT, which support some of the conclusions of our study [6].

Data from the literature suggest that high aBMD values in obese pa-
tients are due to an increase in body mass that accentuates mechanical
loading on the skeleton [3]. Indeed, bone is an adaptive tissue that pre-
sents the capacity to modify its mass and its microarchitecture in re-
sponse to a mechanical stimulus [14]. This hypothesis may partially or
totally explain the similar increased in aBMD values observed in both
men and women at the hip, a weight-bearing bone site. The subdivision
of our cohort according to WHO classification for BMI reinforced our hy-
pothesis, as women with BMI values above 40 kg/m? (grade 3 obesity)
present the higher aBMD values at the hip. These results suggest that
obesity severity is the main determinant of bone mass gain at the
weight-bearing bone sites. Our observations are therefore in accordance
with extensive data showing positive correlation between weight or
BMI and aBMD [15-17]. These correlations were reported both in men
and women, across the entire adult age range, and throughout the skel-
eton [15-17].
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Fig. 2. Modelling of areal bone mineral density (aBMD) and Z-score variations at various bone sites in men obese patients. The dashed curves represent the 95% confidence interval.

More surprisingly, we confirm a higher aBMD values at the one-
third radius [18,19], a less mechanical solicited bone site, particu-
larly in women. Therefore, these specifics bone mass [18,19] and
microarchitecture adaptations, as previously demonstrated [5,6], can-
not only be induced by gravitational forces associated with increased
body weight. Indeed, these results suggest the possibility that systemic
biologically active molecules secreted by adipose tissue may interact
with bone metabolism. Increased leptin production [20,21], as well as
oestrogens synthesis [9,16] by adipocytes may have positive actions
on bone mass and thus limit fracture risk [22]. Higher bone mass densi-
ty in obese patients suggests that the effects of favourable factors over-
pass those of detrimental ones such as reduction of testosterone,
vitamin D levels and growth hormone secretion as well as the increase
of parathyroid hormone (PTH) and proinflammatory cytokine levels
frequently described in this population [4,9,17,23-25]. Moreover, as
suggested by both higher Z-score in women compared to men and sys-
tematic highest Z-score with BMI in women, one-third radius excepted,

it is probable that the imbalance between beneficial and detrimental
factors is accentuated with age at trabecular bones (i.e., lumbar spine)
in women, with a BMI-dependent effect. Among the hypotheses that
may explain this gender difference, it is probable that the greater
oestrogen synthesis in adipose tissue of obese patients would have
more impact on postmenopausal women ‘aBMD than on eugonadal
men’ aBMD.

Among our obese patients, some of them presented concomitantly
type-2 diabetes mellitus, a disease known to influence aBMD and bone
geometry [26,27]. Then, despite a difference in diabetes prevalence be-
tween men (44%) and women (24.8%) was observed, the results of sen-
sitivity analyses led to similar conclusions regarding gender effect, with
or without adjustment for diabetes condition (data not shown). Briefly,
the inclusion of a “diabetes effect” in our models did not change our con-
clusions regarding the impact of obesity on aBMD.

BMI is an index widely used for diagnosis of obesity and estimation
of its severity. However, even if it is easy to calculate, it does not reflect



Table 3
Z-score means and mean changes in Z-scores with age: comparison with reference values
(Z-score = 0) according to bone site and BMI class.

Females” p-value™  Males” p-value™*
Z-scores means (SEM) for a 49.6 years old subject
Whole body  30-35 0.53(0.11)* <0.01 0.22 (0.19) 025
35-40 0.64(0.09)* <0.01 0.37 (0.18)  0.05
>40  1.15(0.10)°  <0.01 0.30(0.20) 0.14
L1-14 30-35 0.71(0.11)*  <0.01 0.12 (0.19) 0.2
35-40 0.74 (0.09)* <0.01 0.18 (0.19) 034
>40  1.09(0.10)°  <0.01 0.26 (0.21)  0.21
Hip 30-35 0.80(0.11)* <0.01 0.94(0.18) <01
35-40 090 (0.09)* <0.01 1.11 (0.18) <.01
>40  1.52(0.09)° <0.01 1.16 (0.19) <01
1/3 Radius 30-35  1.55(0.11) <0.01 0.50 (0.19)  0.01
35-40  1.73 (0.09) <0.01 0.47 (0.18)  0.01
>40  1.77 (0.10) <0.01 0.29 (0.20) 0.18
Mean change in Z-scores (SEM) for an increasing of 10 years of age
Whole body  30-35  0.01(0.08) 0.92 0.18 (0.13)  0.16
35-40  0.13 (0.06) 0.04 0.01 (0.15)  0.95
>40  0.10 (0.07) 0.12 —0.02(0.13) 089
L1-14 30-35  0.15(0.08) 0.05 0.33(0.13) 0.01
35-40 0.27 (0.07) <0.001 039 (0.15) <01
>40  0.35(0.07) <0.001 0.50 (0.14) <01
Hip 30-35  0.09 (0.08) 0.24 0.11(0.13) 037
35-40  0.22 (0.07) 0.001 0.32(0.14) 0.02
>40  0.10(0.07) 0.15 0.15(0.13) 026
1/3 Radius 30-35  0.28 (0.08) <0.001 056 (0.13) <01
35-40 035 (0.07) <0.001 0.48 (0.14) <01
>40  0.29 (0.07) <0.001 0.39 (0.16)  0.01

Legend: * Z-scores means, or mean changes in Z-score, are not significantly different
(p > 0.05) according to obesity grade for a given gender and a given bone site when
they share the same letter.

"*p-value < 0.05 indicates that Z-score means, or mean change in Z-score, are significantly
different from 0.

L1-L4: lumbar spine; 1/3 radius: one-third radius.

As Z-scores were linked to age in our obese population, we had to set an age in our models
in order to give punctual estimations of Z-scores and compare these estimates to 0 and
between groups. We chose to set age to 49.6 years, as it was the mean age of the cohort.

body composition. In our study, fat and lean mass values were precise-
ly evaluated by DXA. We found that Z-score correlates better with dy-
namic load resulting from muscle mass rather than static load from fat
mass. Moreover, analysis of models evaluating the independent effects
of fat mass and lean mass demonstrated that only lean mass was inde-
pendently linked to Z-score, without any gender effect. In agreement
with our findings, lean mass appeared to be positively associated with
aBMD or parameters of microarchitecture, while fat mass appeared
to be negatively or not correlated at all to bone mass [6,17,28,29]. All
of these results suggest that lean mass, rather than fat mass, has pro-
tective effect on bone mass in obese patients. Moreover, Zhao et al.,
[28] demonstrated that the effects of lean mass are not entirely attrib-
utable to mechanical loading of body weight, but are also due to the
direct action of muscle contractions on the skeleton. These findings
may have a considerable clinical implication as maintenance of lean
mass during weight loss in obese patients may contribute to preserve
bone health.

Although numerous studies have previously evaluated the effect of
obesity on aBMD with cross-sectional approaches [3,6,13,17], the spe-
cific and original design of our work provides new relevant information.
Our large cohort of patients gave us the opportunity to analyse the effect
of obesity on aBMD from peak bone mass to elderly periods, which, to
our knowledge, has never been described before. Our results clearly
show that obese patients, as early as 18 years old, present a significant
difference in aBMD compared to reference values in most of the bone
sites analysed, this effect being gender-dependent. These results indi-
cate that the higher bone mass in obese patients is precocious and prob-
ably starts during adolescence, although divergent results have been
reported [30,31]. Moreover, we found that Z-score increases significant-
ly with age in obese patients, thus indicating that bone loss is reduced in

Table 4
Relationship between Z-score and body composition: fat mass and lean mass.

p-value”™ Female
vs male
p-value

Females” p-value™ Males”

1st model: Mean change in Z-score (SEM) for an increase of 10 kg of fat mass’
Whole body 0.17 (0.06) <0.01 0.03 (0.08) 0.68 0.16

L1-14 0.11 (0.06) 0.06 0.06 (0.08) 047 0.62
Hip 0.19 (0.06)  <0.01 0.06 (0.08) 0.46 0.19
1/3 Radius  0.07 (0.06) 021 —0.08 (0.09) 032 0.13

2nd model: Mean change in Z-score (SEM) for an increase of 10 kg of lean mass’

Whole body 0.47 (0.08)*  <0.01 038 (0.12)* <0.01 0.42
L1-L4 0.24 (0.08)°  <0.01 020 (0.12)*® 0.1 0.80
Hip 0.41 (0.08)*® <0.01 030 (0.12)*®>  0.01 0.49
1/3 Radius  0.19 (0.09)°  0.03 —0.01(0.12)> 091 0.14

3rd model: Mean change in Z-score (SEM) for an increase of 10 kg of fat mass'”
Whole body 0.05 (0.06) 043 —0.07 (0.08) 0.42 0.26

L1-14 0.05 (0.06) 0.41 0.04 (0.08) 0.63 091
Hip 0.09 (0.06) 0.15 —0.00 (0.08) 0.97 038
1/3Radius  0.01 (0.06) 0.85 —0.12 (0.09) 0.16 021

3rd model: Mean change in Z-score (SEM) for an increase of 10 kg of lean mass'"
Whole body 0.44 (0.09) <0.01 0.41(0.12)* <0.01 0.82

L1-14 0.20 (0.09) 0.04 0.18 (0.13)** 0.16 0.92
Hip 035(0.09) <0.01 030 (0.12)**  0.01 0.77
1/3 Radius ~ 0.19 (0.10) 0.07 0.03(0.12)> 079 0.29

Legend: SEM: standard error of mean. *The changes in Z-scores are not significantly differ-
ent (p > 0.05) according to bone location for a given gender when they share the same
letter or when no letter is displayed. Models are adjusted for the effect of age and height
for each bone site.

L1-L4: lumbar spine; 1/3 radius: one-third radius.

**p-value < 0.05 indicates that the change of Z-scores for a 10-kg fat mass (or lean mass)
increase is significantly different from 0.

1st and 2nd models: lean mass and fat mass are analysed in different model adjusted for
age and height.

3rd model: lean mass and fat mass are analysed concomitantly, in a model adjusted for
age and height, in order to account for the potential confounding effect of one another.

this population compared to normal-weight subjects. This may be due
to a lack of increase in bone turnover, typically observed with ageing
[6]. Our results are in agreement with those from Evans et al., who, by
comparing obese and normal-weight adults, found greater differences
in aBMD in older adults than in younger adults [6]. Consequently, the
association of both improvement of peak bone mass and reduction of
bone loss may protect obese patients from osteopenia and osteoporosis.
In this study, we confirm the low incidence of osteopenia or osteoporo-
sis in obese patients over 50 years old [13], with 26.0% and 3.9% in men,
and 18.% and 8.2% in women, respectively. This prevalence appeared to
be reduced compared to that reported from the OFELY (Os des Femmes
de Lyon) cohort, including French postmenopausal women with 48%
of them being osteopenic and 21% osteoporotic [32].

The higher aBMD values in obese patients identified in our cross-
sectional and modelling approaches, associated with a low prevalence
of osteoporosis suggests an improvement of bone strength and a low
risk of fragility fracture. However, it was demonstrated a nonlinear
pattern in the relationship between fracture risk and BMI [33,34], and
although there was a pronounced increase in hip fracture risk from nor-
mal to low BMI, there was a much more modest [33] or even no [35] re-
duction in the risk of fracture in overweight and obese people compared
to people with normal BMI. Moreover, site-specific effects of obesity
on fracture risk have been reported, characterized by a lower risk of
hip fracture and higher risk of proximal humerus, ankle, lower and
upper leg fractures in obese patients compared to non-obese individuals
[35,36]. The mechanisms involved in site-related differences in fracture
risk in obese patients are not precisely known. Nevertheless, the in-
crease of aBMD at specific bone sites is probably insufficient to resist
to increased forces imposed to the skeleton by raised body mass during
fall [13,37], the greater risk of fall [7] or the different patterns of falls
[36]. Of note, in some anatomic sites, the higher values of soft tissue pad-
ding may explain the protection against hip fracture in women [38].



These observations may explain why fracture risk is increased in obese
patients with low or normal aBMD compared to those with the highest
aBMD [13,39]. Furthermore, the difference of bone gain between obese
men and women may account for the difference of fracture risk ac-
cording to gender [33]. Finally, our findings highlight a lack of accuracy
in definitions of both osteopenia and osteoporosis used in the general
population, as a new specific classification should be addressed, taking
into account the BMI to be fully applicable to obese people.

The main limitations of this study are related to the lack of a normal
weight control group. Therefore, NHANES reference values were used,
which may not be totally representative to all populations. Moreover,
the cross-sectional design implicated that the causality of our findings
cannot be demonstrated. However, we believe that such limitations
are partially compensated by the large sample of patients, stratified by
gender and within a large age range, as well as our exhaustive charac-
terization, providing a faithful representation of the aBMD variation in
obese patients with age. The accurate measurement of aBMD in obese
patients with DXA is difficult, due to large amounts of adipose tissue
that can falsely increase apparent bone density, particularly in lumbar
spine and, to a lesser extent, in the femur [40,41]. However, the same
demonstration of high aBMD at one-third radius, a bone site where
measurement is less affected by adipose tissue, strongly suggests that
the difference observed between obese and normal-weight subjects is
mainly attributed to a physiological effect rather than an error of mea-
surement. This assumption is reinforced by the comparable magnitude
of the difference in bone density observed between obese and normal-
weight individuals using DXA or high resolution peripheral quantitative
computed tomography (HR-pQCT) [6]. Unfortunately, fractures were
not recorded; therefore we could not evaluate the relationship between
aBMD or Z-score values and fracture risk.

In conclusion, although our study highlights the complexity of obe-
sity effect on bone mass, we showed that obese patients present a higher
aBMD values at weight-bearing and non-weight bearing bone sites, with
a specific response depending on bone location. The improvement
of aBMD is already present in young subjects and is accentuated with
ageing, suggesting that the beneficial effect of obesity on bone mass is
related to age. However, bone tissue in women is particularly sensitive
to the increase of weight or BMI indicating a gender-specific bone re-
sponse to obesity. Our modelling highlights a very large dispersion of
absolute aBMD or Z-score values suggesting that, if it seems that higher
BMI provides the benefit of greater aBMD in most of obese patients, this
effect is not guaranteed. Consequently, it is necessary to identify other
factors that could play a role in bone tissue adaptation to obesity.
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