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ABSTRACT

Background: Most obese women with low-trauma fractures present normal areal bone mineral density (aBMD),
suggesting that other bone parameters are more determinant for fracture risk in these patients.

Objectives: (i) Determine the effects of obesity in young women on areal bone mineral density (aBMD), bone
geometry, strength, and volumetric BMD determined by advanced DXA-based methods; (ii) model the profiles of
bone parameters for each population with age; and (iii) determine the factors related to body composition (i.e.
lean tissue mass and fat mass) potentially implicated in the “bone adaptation” in the femoral region.

Subjects and methods: Two hundred and twenty adolescent and young women from 18 to 35 years old were
enrolled in this study: 128 patients with obesity and 92 age-matched (+6 months) normal-weight controls. aBMD
was determined with DXA, whereas hip geometry and strength parameters were assessed by hip structural
analysis (HSA) and volumetric BMD by 3D-SHAPER® software.

Results: Compared with controls, subjects with obesity presented significantly higher aBMD at all bone sites, but
the difference was greater at hip compared with lumbar spine or radius. Bone size estimates (i.e. cortical
thickness), as well as strength estimates (i.e. cross-sectional area) were higher at all femoral subregions including
femoral neck, intertrochanteric region and femoral shaft in young women with obesity. In whole proximal femur
and all femoral compartments, vBMD was also higher in subjects with obesity, but the difference between groups
was greater for cortical vBMD compared with trabecular vBMD. When hip bone parameters were modelled for
each group from individual values, maximal values were reached between 20 and 26 years in both groups but,
whatever the age, subjects with obesity presented higher values than controls. In both groups, lean body mass
(LBM) was the parameter most positively associated with the greatest number of bone parameters studied.
Conclusion: Our study confirmed that young women with obesity presented higher aBMD, better hip geometry
and greater strength compared with normal-weight controls. Additionally, cortical and trabecular compartments
measured by 3D-SHAPER® were favourably and concomitantly modified. However, it remains to be
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demonstrated whether the evaluation of these new parameters would provide better prediction of fracture risk in

this population than aBMD.

1. Introduction

Peak bone mass (PBM) was shown to be an important determinant of
the risk of future osteoporosis [4], and thus a better understanding of the
factors underlying bone mass acquisition is crucial to help adolescents
and young adults reach optimal bone mass.

A variety of diseases influence bone mass and, among them, obesity
may improve areal bone mineral density (aBMD) [5,6]. More specif-
ically, adolescents and young women with obesity present higher aBBMD
than normal-weight controls [7-9]. Our group confirmed the favourable
effect of obesity on aBMD, highlighting that this phenomenon was not
only accentuated by ageing, due to faster bone mass acquisition and a
slower pace of bone loss, but also by obesity severity and sex [9,10]. An
increase in body mass, which accentuates the mechanical loading on the
skeleton, is assumed to be the major factor in the bone mass gain in this
population [5], but the bone traits appear to scale more with lean body
mass (LBM) than body weight or fat mass [9-11]. Indeed, bone is an
adaptive tissue that has the capacity to modify its mass and micro-
architecture in response to a mechanical stimulus [12]. This capacity
may explain the accentuated aBMD gain with increases in the body mass
index (BMI) at the hip, a weight-bearing bone site [10].

Paradoxically, however, obesity may also be associated with
increased fracture risk in both children and adolescents [13,14]. Leo-
nard et al. suggested that the observed aBMD increase, in absolute terms,
in overweight children is probably not sufficient to overcome the
significantly greater forces generated when an obese child falls [7]. Such
observations also raise the question of whether the skeletal adaption due
to obesity is consistent with the excess body weight. Thus, more research
is now needed to identify the key biomechanical and functional pa-
rameters that determine bone strength and fracture risk in the young
population and refine our knowledge of the risk factors that influence
these parameters [15].

Dual energy x-ray absorptiometry (DXA) is the conventional tool for
measuring aBMD. However, this technique is confounded by differences
in bone size, and obesity is known to be associated with a modification
in this parameter [16], suggesting a probable measurement bias spe-
cifically in this population. Moreover, most postmenopausal obese
women with low-trauma fractures present normal aBMD at the hip and
spine [17], indicating that other bone parameters may be more deter-
minant for fracture risk in these patients. Studies using high-resolution
peripheral quantitative computed tomography (HRpQCT) to compare
volumetric BMD (vBMD) and bone microarchitecture between obese
and lean children have indicated that bone strength does not appropri-
ately increase in obese children, despite the increase in body weight
[18,19]. Moreover, it may be reduced in the tibia, reflecting a negative
impact of fat mass on bone strength in weight-bearing sites [18].
However, HRpQCT measurements are confined to the distal tibia and
radius and thus may not reflect changes in other regions of the axial and
appendicular skeleton, such as hip.

To overcome this limitation, advanced DXA-based methods have
been developed. Hip structural analysis (HSA) estimates geometry and
strength indices [20] and 3D modelling methods evaluate vBMD and
differentiate trabecular and cortical compartments at the proximal
femur. Several HSA and 3D-DXA-derived variables are highly correlated
with equivalent measurements assessed by QCT [21,22].

The threefold aim of this study was to (i) compare areal bone mineral
density (aBMD), HSA and 3D-DXA parameters in young women with
obesity (OB) and controls (CON) around PBM,; (ii) model the profiles of
bone parameters for each population with age; and (iii) determine the
factors related to body composition (i.e. lean tissue mass and fat mass)
potentially implicated in the “bone adaptation” in the femoral region.

2. Subjects and methods

Study approval was obtained from the Regional Research Ethics
Committee (Comité de Protection des Personnes Sud-Mediterranee IV,
Montpellier, France; reference: 11 02 03) and permission for the clinical
trials was granted by the French Agency for the Safety of Health Prod-
ucts (Agence Francaise de Securite Sanitaire des Produits de Santé;
AFSSAPS; reference: 2011-A00108-33). All participants gave written
informed consent.

2.1. Subjects

Two hundred and twenty adolescents and young women with ages
from 18 to 35 years were enrolled in this study. All were Caucasian.
Women with obesity as defined by a BMI higher than 30 kg/m? were
consecutively recruited in the Endocrinology Department of the Uni-
versity Hospital of Montpellier, France, between June 2014 and
November 2019. All had been referred for metabolic and physical
assessment of their obesity (n = 2) or for a check-up before bariatric
surgery (n = 126). Patients were then classified into a group according to
the grade of obesity using the World Health Organization (WHO) defi-
nition [5]: class I (BMI 30-34.9 kg/m?), class IT (BMI 35-39.9 kg/m?), or
class III (BMI > 40 kg/mz). The number of patients was, respectively, n
= 6 for class I, n = 44 for class II and n = 78 for class III. Most of these
patients had a longstanding history of obesity (more than 4 years) and
none of the included patients had undergone bariatric surgery. Exclusion
criteria were pregnancy, acute medical treatment, and physical hand-
icap (amputation, neurological lesion, orthopaedic prosthesis) that
might interfere with bone mass or body composition measurement.
Moreover, patients with a body weight > 190 kg or height > 192.5 cm
were also excluded due to limitations of the densitometry device.
Medical history and current medications were obtained by question-
naire. The control group was recruited from the community by adver-
tisement. It consisted of healthy normal-weight adolescents and young
women with a body mass index (BMI) ranging from 18 to 24.9 kg/m?.
Individuals in the control group reported neither history of obesity, nor
diabetes mellitus, hypertension or dyslipidaemia. All presented with
normal menstrual cycles. Controls and patients were matched using an
age-class frequency matching technique (73% of subjects were [18,25]
years old, 22% were [25,30] and 5% were [30,35]). No subject was
taking a medication known to affect bone metabolism or presented with
primary amenorrhoea. Physical activity levels were not specifically
determined. Nevertheless, the control group consisted of subjects who
performed only leisure physical activities for fewer than 1 h per week.
None of the individuals with obesity were participating in a training
program on the day of inclusion.

2.2. Methods

This study followed a case-control design. Standing height was
measured with a stadiometer to the nearest 0.1 cm. Weight was deter-
mined using a weight scale with a precision of 0.1 kg. BMI was calcu-
lated as weight (kg) divided by the square of height (m).

2.2.1. Medical and menstrual histories

Each subject or her parents responded to a medical questionnaire
designed to assess the general medical and menstrual history, with
questions on the age of menarche and the presence of menstrual
disorders.



2.2.2. Definition of comorbidities

Comorbidities were defined according to the usual definitions: Type
2 diabetes (T2D) was defined as HbAlc >6.5% and/or fasting glycaemia
>7 mmol/l and/or anti-diabetic treatment [14]. Hypertension was
defined as systolic blood pressure > 140 and/or diastolic blood pressure
> 90 and/or use of anti-hypertensive medications [15].

2.2.3. Bone mineral density, body fat and lean body mass

DXA (Hologic QDR-4500A, Hologic, Inc., Waltham, MA) measured
aBMD (g/cm?) of the whole body and at specific bone sites: the ante-
roposterior lumbar spine (L1-L4), the dominant arm distal radius, and
hip. The total and appendicular soft tissue body composition (fat mass
[FM, kg], percentage of body fat mass [% FM] and lean body mass [LBM,
kgl) were derived from the whole-body scan. Appendicular lean mass
(ALM; kg) was defined as the sum of the lean soft tissue mass of the arms
and legs, as described by Heymfield et al. [22]. The skeletal muscle
index (SMI; kg/mz) was defined as ALM/height2 [23]. All scanning and
analyses were performed by the same operator to ensure consistency
after following standard quality control procedures. Quality control for
DXA was checked daily by scanning a lumbar spine phantom consisting
of calcium hydroxyapatite embedded in a cube of thermoplastic resin
(Hologic X-CALIBER Model DPA/QDR-1 anthropometric spine phan-
tom). The CVs were 0.8% for spine and radius, 1.1% at the hip, and <1%
for LBM and FM.

2.2.4. DXA-based 3D modelling

The 3D-Shaper software (version 2.2, Galgo Medical, Spain) [26]
was used to assess the trabecular macrostructure and the cortex in 3D
from DXA scans, at baseline and 6 and 12 months of follow-up. The
method relies on a statistical shape and density model of the proximal
femur built from a database of QCT images. The 3D statistical model is
registered onto the DXA scan to obtain a 3D patient-specific model of the
patient's proximal femur shape and BMD distribution. The cortical
thickness and density are computed by fitting a mathematical function
to the density profile computed along the normal vector at each node of
the proximal femur surface mesh [31]. 3D-DXA measurements include
the vBMD and bone mineral content (BMC) of the cortical, trabecular
and integral (trabecular + cortical) bone compartments and the mean
cortical thickness. The 3D-DXA measurements were performed at the
total femur, neck, trochanter and shaft. The accuracy of the models and
measurements provided by the 3D-DXA software algorithm was evalu-
ated in a previous study by comparing 3D-DXA and QCT analyses [26].

2.2.5. Bone geometry of the proximal femur

Using DXA data, we analysed hip geometry parameters with HSA
software [20]. The HSA program uses mineral mass and dimensional
data from conventional DXA images of the hip to measure the structural
dimensions of bone cross-sections corresponding to three thin regions
traversing the proximal femur: the narrow-neck (NN) region across the
narrowest point of the femoral neck, the intertrochanteric (IT) region
across the bisector of the neck and shaft axes, and the shaft region
located at a distance 1.5 times the width of the femoral neck distal to the
intersection of the neck and shaft axes. For each region, the HSA pro-
gram computed the following variables: (i) the bone cross-sectional area
(CSA; in square centimetres), an index of resistance to axial forces; (ii)
the section modulus (Z) (cubic centimetres), an index of strength in
bending computed from the cross-sectional moment of inertia (iii) that
weights the area in the cross-section by the square of its distance from
the centroid (CSMI); (iv) the estimated average cortical thickness; and
(v) the buckling ratio, an index of susceptibility to local cortical buckling
under compressive loads. Higher values are associated with greater
predicted femoral strength for all HSA-derived parameters except for
BR, for which higher values are predictive of inferior strength. HSA
precision has not yet been assessed in children and adolescents; how-
ever, experience in mainly elderly populations has shown HSA precision
on the order of 1%-5% for the HSA parameters at the three HSA regions

[23].
A single physician conducted the DXA acquisition and all 3D-DXA
and HAS software analyses.

2.2.6. Assays

Blood samples (25 ml) were collected in the morning (08 h30-09
h30) in sterile chilled tubes by standard venepuncture technique. The
samples were allowed to clot at room temperature and were then
centrifuged at 2500 rpm for 10 min at 4 °C. Serum intact parathyroid
hormone (iPTH) and vitamin D were assayed by Cobas 6000 (Roche
Diagnostic, Mannheim, Germany). The inter- and intra-assay co-
efficients of variation (CVs) for the parameters were lower than 7%.

3. Statistical analysis

The characteristics of the patients are described with proportions for
categorical variables and with means + standard deviations (SD) for
quantitative variables. Comparisons between lean controls and patients
with obesity were performed using Student's t-test for quantitative var-
iables, or the Mann-Whitney U test when the distribution of variables
was non-Gaussian, and the Chi-square test for qualitative variables. To
determine which parameters differed most between lean controls and
obese patients, we calculated Cohen's d (difference between the means
of the two groups divided by a pooled standard deviation) for each
parameter, which is a standardized measure of the effect of a factor (here
obesity) independent of the scale of the parameter under consideration
[24]. As an indication, a Cohen's d of 0.2 corresponds to a small effect of
the factor, 0.5 to a medium effect, 0.8 to a large effect, 1.2 to a very large
effect, and 2 to a huge effect [25].

The relationship between age and the bone DXA-derived parameters
at the femoral region was also analysed graphically in normal-weight
controls and patients with obesity using thin plate regression spline
models. The smoothing parameters were chosen by minimizing the
generalized cross-validation function. The results are expressed graph-
ically with the expected means and their 95% Bayesian confidence
intervals.

Finally, the relationships between anthropometric characteristics
and bone parameters were analysed using Spearman's correlation
coefficient.

Statistical analyses were performed at the conventional two-tailed o
level of 0.05 using SAS version 9.4 (SAS Institute, Cary, NC).

4. Results
4.1. Subject characteristics

There was no significant difference in mean age and height between
the control and obese groups (Table 1). In addition to the expected
difference in weight, BMI, whole-body FM and LBM, and ALM and SMI
were significantly greater in the obese group. Menarche had occurred
significantly earlier in subjects with obesity (11.8 + 1.8 years) than
controls (12.8 + 1.3 years, p < 0.01). Controls used more contraceptives
than subjects with obesity. Concerning the hormonal profile, patients
presented higher iPTH and lower vitamin D values compared with
controls. The prevalence of fracture was comparable between groups.
No fracture was defined as a fragility fracture.

4.2. Comparison of bone mineral density between obese and control
groups

Table 2 presents the aBMD for the two groups at various bone sites.
Compared with controls, subjects with obesity presented significantly (p
< 0.01) higher aBMD at all bone sites, but the difference was greater at
the hip (Cohen's d = 1.38) compared with lumbar spine (Cohen's d =
0.654) or radius (Cohen's d = 1.19). Concomitantly, the Z-score for
aBMD was also higher in the young women with obesity at all bone sites,



Table 1
Characteristics of normal-weight controls and patients with obesity matched for
age.

Table 3
Comparison of HSA bone parameters between normal-weight controls and pa-
tients with obesity matched for age.

Variables Control group (n = OB group (n = p-
92) 128) Value

Age, years 23.3+3.1 23.6 £ 3.5 0.70
Weight, kg 60.2 +7.5 112.5 + 12,5 <0.01
Height, m 1.66 + 0.06 1.65 + 0.06 0.24
BMI, kg/m?> 21.9+ 2.3 41.5 + 4.2 <0.01
WB fat mass, kg 17.4 £ 4.2 52.6 + 8.7 <0.01
WB fat mass, % 28.7 + 4.6 46.0 + 4.0 <0.01
WB lean tissue mass, kg 40.7 + 4.7 59.1 + 6.2 <0.01
Appendicular lean tissue 175+ 2.4 26.1 + 3.0 <0.01

mass, kg
Skeletal muscle index, kg/m2 6.4 + 0.7 9.6 + 0.9 <0.01
Gynaecological profile

Age of menarche, years 128 +£1.3 11.8+ 1.6 <0.01

Use of contraceptives, nb 62 (67.4) 63 (51.2) <0.01

(%)
Fractures 0.46 + 0.82 0.42 +1.26 0.09
Hormonal profile

iPTH, ng/ml 329 +12.6 46.1 +17.7 <0.01

Vitamin D, ng/ml 30.8 + 16.5 21.3+9.6 <0.01
Comorbidities

Hypertension (number; %) - 11 (8.6%) -

Diabetes (number; %) - 5(4.0) -
Treatments

Anti-hypertensive 3

Anti-diabetes 4

Data are presented as mean + SD except for HTA and diabetes, which are pre-
sented as numbers and percentage (%). BMI: body mass index; WB: whole body.
iPTH: intact parathyroid hormone.

Table 2
Comparison of DXA bone parameters between normal-weight controls and pa-
tients with obesity matched for age.

Variables Control group OB group (n Cohen's p-
(n =92) =128) d Value
DXA bone parameters
Whole-body aBMD 1.076 + 0.077 1.130 + 0.73 <0.01
(g/cm?) 0.071
Whole-body Z-score  —0.22 + 0.86 0.31 +£0.88 0.60 <0.01
(SD)
Hip aBMD (g/cm?) 0.942 + 0.154 1.071 + 1.02 <0.01
0.102
Hip Z-score (SD) —0.20 + 0.91 0.96 + 0.8 1.38 <0.01
Lumbar spine aBMD 0.992 +0.112 1.058 + 0.66 <0.01
(g/cm?) 0.092
Lumbar spine Z- —0.31 +1.03 0.45 + 0.86 0.82 <0.01
score (SD)
Radius aBMD (g/ 0.551 + 0.039 0.598 + 1.19 <0.01
cm?) 0.041
Radius Z-score (SD) 0.0 +0.90 1.69 + 1.03 1.73 <0.01

Values are presented as mean + SD. aBMD: areal bone mineral density; Z-score:
the number of standard deviations above or below the mean for the patient's age,
sex and ethnicity; SD: standard deviation.

ranging from 0.31 SD to 1.69 SD compared with the reference data.

4.3. Comparison of bone HSA-derived femoral geometry parameters
between obese and control groups

Except for the endocortical diameter parameters at the inter-
trochanteric region and the femoral shaft, all HSA-derived parameters
were statistically better (p = 0.02 to p < 0.01 for all parameters) in the
young women with obesity compared with normal-weight controls
(Table 3). Thus, bone size estimates determined by cortical thickness
and subperiosteal width and strength estimates determined by CSA,
CSML, section modulus and BR were improved at all femoral subregions
including femoral neck, intertrochanteric region and femoral shaft in
young women with obesity (Cohen's d ranging from 0.40 to 1.74).

Parameters Control OB group Cohen's p-
group (n = (n=128) d Value
92)
Shaft neck angle (°) 128.97 + 130.86 + 0.32 0.02
5.86 6.08
Narrowest part of the
femoral neck
Cross-sectional area (CSA; 2.95 + 0.44 3.67 +0.39 1.74 <0.01
sz)
Cross-sectional moment 2.30 £ 0.61 3.02 £0.58 1.22 <0.01
of inertia (CSMI; cm®)
Section modulus (Z; cm®) 1.38 +0.28 1.70 + 0.28 1.17 <0.01
Endocortical diameter 2.77 £ 0.26 291 £0.31 0.50 <0.01
(cm)
Buckling ratio 8.96 + 1.85 819+195 0.40 <0.01
Mean cortical thickness 0.19 £+ 0.03 0.23+0.03 1.15 <0.01
(cm)
Subperiosteal width (mm) 3.15 + 0.24 3.37 +£0.27 0.83 <0.01
Intertrochanteric region
Cross-sectional area (CSA; 5.32 £ 0.80 6.25 +£ 0.9 1.07 <0.01
sz)
Cross-sectional moment 14.14 + 3.39 17.00 + 0.71 <0.01
of inertia (CSMI; cm*) 4.45
Section modulus (Z; cm®) 4.47 +0.81 5.21 +1.09 0.75 <0.01
Endocortical diameter 4.65 + 0.44 477 £0.55 0.23 0.25
(em)
Buckling ratio 7.35+2.01 6.61 £1.08 0.48 <0.01
Mean cortical thickness 0.44 £+ 0.07 0.50 £0.07 0.78 <0.01
(cm)
Subperiosteal width (mm) 5.54 +£ 0.44 5.76 + 0.54 0.45 <0.01
Femoral shaft
Cross-sectional area (CSA; 4.08 + 0.57 4.82 + 0.58 1.29 <0.01
sz)
Cross-sectional moment 3.11 £0.78 4.05 £ 0.99 1.03 <0.01
of inertia (CSMI; cm*)
Section modulus (Z; cm®) 2.08 + 0.40 2.56 + 0.46 1.09 <0.01
Endocortical diameter 1.75 £ 0.31 1.79 £ 0.31 0.14 0.74
(cm)
Buckling ratio 2.70 + 0.50 2.53+049 0.35 <0.01
Mean cortical thickness 0.56 + 0.09 0.64 £0.09 0.85 <0.01
(cm)
Subperiosteal width (mm) 2.86 + 0.31 3.07 + 0.22 0.77 <0.01

Values are presented as mean + SD.

4.4. Comparison of 3D-DXA bone parameters between obese and control
groups

The comparison of 3D-DXA parameters is presented in Table 4.
Young women with obesity had significantly higher 3D-DXA-derived
parameters (p < 0.01 for all) in whole proximal femur and at all
femoral compartments compared with controls. For the whole proximal
femur, the Cohen's d values were 0.96 for integral vBMD, 0.53 for
trabecular vBMD, and 1.26 for cortical vBMD. When femoral subregion
analysis was performed, the effect of obesity on vBMD parameters was
more marked at the trochanter region compared with neck and shaft
regions. In whole proximal femur and in all femoral compartments, the
difference between groups was greater for cortical vBMD compared with
trabecular vBMD. The mean cortical thickness was also significantly
greater (p < 0.01) in young patients with obesity compared with con-
trols for whole proximal femur (Cohen's d = 1.16) and all femoral
subregions (Cohen's d = 0.41 for neck, 0.89 for trochanter and 1.02 for
shaft).

4.4.1. Bone parameters according to the class of obesity

When bone parameters were analysed according to the severity of
obesity, no difference was observed between classes of obesity for
aBMD, HSA or 3D-DXA-derived parameters (Supplemental Table 1).



Table 4
Comparison of 3D-DXA bone parameters between normal-weight controls and
patients with obesity matched for age.

Variables Control group OB group (n Cohen's p-
(n =92) =128) d Value
Total proximal femur
Integral vBMD (mg/ 350.3 £+ 48.5 394.4 £+ 44.1 0.96 <0.01
cm®)
Trabecular vBMD 216.8 + 38.7 237.3 + 38.8 0.53 <0.01
(mg/cm®)
Cortical vBMD (mg/ 820.4 + 45.6 869.5 + 33.8 1.26 <0.01
cm3)
Mean cortical 1.89 + 0.15 2.10 £ 0.20 1.16 <0.01
thickness (mm)
Neck region
Integral vBMD (mg/ 436.2 + 65.1 484.3 +70.1 0.71 <0.01
cm®)
Trabecular vBMD 2929 £+ 52.2 334.6 = 55.8 0.77 <0.01
(mg/cm®)
Cortical vBMD (mg/ 848.9 + 69.1 906.0 + 58.8 0.90 <0.01
cm3)
Mean cortical 1.79 £ 0.20 1.89 £+ 0.29 0.41 <0.01
thickness (mm)
Trochanter region
Integral vBMD (mg/ 274.0 £+ 39.7 3209 +£42.1 1.14 <0.01
cm®)
Trabecular vBMD 176.9 £+ 33.3 211.2 £+ 34.3 1.01 <0.01
(mg/cm®)
Cortical vBMD (mg/ 704.3 + 56.8 771.0 £ 51.8 1.24 <0.01
cm3)
Mean cortical 1.91 +£0.16 2.10 £ 0.25 0.89 <0.01
thickness (mm)
Shaft region
Integral vBMD (mg/ 447.0 £+ 66.6 505.5 £+ 55.4 0.97 <0.01
cm®)
Trabecular vBMD 236.6 = 50.7 2729 £+ 46.9 0.75 <0.01
(mg/cm?)
Cortical vBMD (mg/ 886.8 + 67.8 935.7 + 43.8 0.85 <0.01
cm3)
Mean cortical 2.90 + 0.24 3.18 £ 0.32 1.02 <0.01

thickness (mm)

Values are presented as mean + SD. vBMD: volumetric bone mineral density.

>
@

Hip aBMD (g/cm?)
CSMI (cm?)

Age (years) Age (years)

T E E°F
S - ®
g’l _E, e
= « ~ o £
s ) z -
@
g . P :
= S =
e 3 = 3
i" 2 E
£ ©
L™
=
= = = » x
Age (years) Age (years)

Section modulus (cm?3)

Cortical vBMD (mg/cm?)

4.4.2. Modelling of bone DXA-derived parameters determined at femoral
region with age

When total hip aBMD, selected HSA parameters reflecting bone size
(endocortical diameter) and strength estimates (cross-sectional moment
of inertia and section modulus), and 3D-DXA parameters were modelled
for each group from individual values (Fig. 1), we observed that
maximal values were reached between 20 and 26 years in subjects with
obesity and controls. More specifically, all the bone DXA-derived pa-
rameters were significantly higher in subjects with obesity than controls
whatever the age.

4.4.3. Correlation analysis between anthropometric characteristics and
bone parameters

Correlations with BMI, whole-body fat and lean body mass (LBM)
were determined for hip aBMD and for HSA and 3D-DXA-derived pa-
rameters for the whole population (Table 5). Only data for the narrowest
part of the femoral neck (NN) for HSA analysis and total femur for 3D-
DXA analysis are presented but results for other subregions presented
similar results (data not shown). For the whole population, BMI, whole-
body FM and LBM were positively correlated with all the bone param-
eters, except for the buckling ratio, which was negatively correlated.
When subgroup analysis was performed, whole-body LBM systemati-
cally presented the strongest association with all the bone parameters
except for the 3D-DXA parameters in patients with obesity, in whom no
correlation was observed, as for BMI and whole-body FM.

5. Discussion

In this cross-sectional study in young women from 18 to 35 years old,
we evaluated the effect of obesity on various bone parameters around
PBM acquisition, a crucial period that affects the risk of subsequent
fracture in the elderly. In these conditions, obesity was associated with a
significant increase in aBMD, a conventional parameter measured by
DXA, at partially loaded (i.e. radius) and loaded (i.e. hip) skeletal sites,
and an improvement in vBMD, bone geometry and bone strength at
femoral regions determined by a DXA-based 3D modelling approach and
HSA software, respectively. These related obesity bone adaptations
might modify bone mechanical properties and consequently bone
strength.

Our data concerning the aBMD measurements are in line with
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Fig. 1. Modelling of femoral DXA-derived parameters with age; A: hip areal bone mineral density (aBMD); hip structural parameters (HSA); B: cross-sectional
moment of inertia (CSMI); C: section modulus; lumbar spine; D: endocortical diameter and 3D-DXA parameters for total proximal femur; E: integral volumetric
bone mineral density (vBMD); F: trabecular vBMD; G: cortical vBMD; H: mean cortical thickness in controls (red) and in patients with obesity (blue). The dashed
curves with the same colour represent the 95% confidence intervals. (For interpretation of the references to colour in this figure legend, the reader is referred to the

web version of this article.)



Table 5

Spearman's correlation coefficients between body composition and bone parameters in the whole population, normal-weight controls and patients with obesity.

BMI WB LTM WB FM
r p-Value r p-Value r p-Value

Whole population

aBMD Hip 0.583 <0.0001 0.641 <0.0001 0.538 <0.0001
CSA 0.639 <0.0001 0.714 <0.0001 0.676 <0.0001
CSMI 0.545 <0.0001 0.712 <0.0001 0.579 <0.0001
Z 0.489 <0.0001 0.655 <0.0001 0.540 <0.0001

HSA parameters (Narrowest part of the femoral neck) ED 0.266 <0.0001 0.388 <0.0001 0.245 0.0003
BR -0.179 <0.0001 —0.154 0.0239 —0.216 0.014
MCt 0.470 <0.0001 0.479 <0.0001 0.503 <0.0001
Sw 0.424 <0.0001 0.554 <0.0001 0.413 <0.0001
Integral vBMD 0.462 <0.0001 0.412 <0.0001 0.421 <0.0001

3 D-DXA parameters (total femur) Trabiecular vBMD 0.316 <0.0001 0.261 <0.0001 0.282 <0.0001
Cortical vBMD 0.477 <0.0001 0.537 <0.0001 0.461 <0.0001
Mean cortical thickness 0.570 <0.0001 0.611 <0.0001 0.542 <0.0001
Controls

aBMD Hip 0.377 0.0002 0.576 <0.0001 0.190 0.0703
CSA 0.394 0.0001 0.610 <0.0001 0.342 0.0009
CSMI 0.400 <0.0001 0.693 <0.0001 0.343 0.0009
Z 0.332 0.001 0.628 <0.0001 0.318 0.0021

HSA parameters (Narrowest part of the femoral neck) ED 0.174 0.098 0.387 0.0002 0.091 0.391
BR —0.069 0.518 —0.037 0.7309 —0.098 0.353
MCt 0.266 0.011 0.337 0.0011 0.227 0.031
Sw 0.264 0.011 0.515 <0.0001 0.149 0.159
Integral vBMD 0.274 0.008 0.292 0.005 0.170 0.107

3 D-DXA parameters (total femur) Trab‘ecular vBMD 0.225 0.031 0.286 0.006 0.117 0.268
Cortical vBMD 0.290 0.005 0.388 0.0001 0.119 0.260
Mean cortical thickness 0.312 0.005 0.517 <0.0001 0.247 0.028
Patients with obesity

aBMD Hip 0.200 0.024 0.318 0.0003 0.152 0.088
CSA 0.105 0.244 0.280 0.002 0.258 0.036
CSMI 0.072 0.421 0.470 <0.0001 0.182 0.043
Z —0.035 0.701 0.373 <0.0001 0.133 0.139

HSA parameters (Narrowest part of the femoral neck) ED 0.110 0.220 0.330 0.0002 0.070 0.439
BR 0.081 0.366 0.136 0.130 —-0.029 0.751
MCt —0.002 0.978 —0.002 0.980 0.133 0.138
Sw 0.132 0.141 0.383 <0.0001 0.124 0.167
Integral vBMD 0.149 0.093 —0.025 0.784 0.089 0.318
Trabecular vBMD 0.130 0.142 —0.054 0.550 0.0944 0.291

% D:DXA pazameters ({ofal femuz) Cortical vBMD ~0.066 0.461 0.063 0.483 ~0.031 0.729
Mean cortical thickness 0.241 0.042 0.188 0.116 0.164 0.171

Data are presented as coefficients of correlation and p-values. aBMD: areal bone mineral density; HSA: hip structural analysis; CSA: cross-sectional area; CSMI: cross-
sectional moment of inertia; ED: endocortical diameter; BR: buckling ratio; MCt: mean cortical thickness; SW: subperiosteal width; vBMD: volumetric bone mineral

density.

previous studies performed in adolescents and pre- and postmenopausal
women with obesity, with these studies mainly reporting higher aBMD,
particularly at weight-bearing bone sites such as the hip [7-10,26-29].
Based on a modelling approach, our group recently reported that obesity
in young women from 16 to 27 years old induced a specific aBBMD gain
and bone remodelling profile characterized by a concomitant suppres-
sion of bone formation and resorption [9].

Our results based on HSA measurement suggested that obesity
improved not only aBMD, but also size (cortical thickness, subperiosteal
width) and strength estimates (CSA, CSMI, section modulus, BR). Pre-
viously, Bachmann et al. [26] reported in a group of women with similar
age that proximal femur geometry assessed by the same HSA-derived
parameters was also superior in the overweight/obese group
compared with a lean control group. Other studies in adolescents [30]
and pre- [31] and postmenopausal [11,32] women also reported an
improvement in hip structure in absolute terms in response to increasing
BMI. Nevertheless, femur strength appeared reduced relative to BMI in
women with obesity [11,32], suggesting that hip geometry might not be
sufficient to compensate for fall forces that increase with body weight,
therefore putting these patients at high risk of fracture in the femoral
region. However, various studies [11,32] and a meta-analysis [33] re-
ported that overweight and obese women had a lower risk of hip frac-
tures than normal-weight women, even after BMD adjustment. Backman

et al. [26] underlined that the risk of fracture is not only associated with
bone geometry, but also with other components related to obesity, such
as soft tissue padding that might modulate this risk. Finally, when the
cushioning effects from trochanteric soft tissue were used to calculate an
estimated risk of fracture, taking into account the force applied to the
hip in a sideways fall from standing height with respect to femur
strength, women with overweight/obesity appeared better protected
that lean controls against hip fracture [26]. Previously, Beck et al. [11]
had highlighted the likely favourable effect of the thicker soft tissue
padding that reduces the force transmitted to the bone. Moreover, the
modification in the quantity and the repartition of the soft tissues may
help explain the reported site-specific fracture risk differences in obesity
not explained by BMD; obese women tend to fracture less at skeletal sites
with more soft tissue padding, including the hip, and tend to fracture
more frequently at sites with less soft tissue padding, such as the hu-
merus [26].

This is the first study to address the relationships between obesity
and trabecular and cortical bone compartments using a 3D-DXA
modelling approach in a large group of young women. Our results
demonstrated a specific pattern of bone adaption to this pathology
characterized by higher trabecular and cortical vBMD resulting in higher
integral vBMD in patients with obesity compared with normal-weight
controls. Moreover, the difference between the two groups for integral



vBMD and aBMD at the femur presented a comparable magnitude
(Cohen's d = 0.96 and 1.02, respectively). Concomitantly, cortical
thickness was also improved. Nevertheless, when the data were analysed
in greater detail, the effect of excessive weight appeared predominant in
the cortical (Cohen's d = 1.26) compared to trabecular (Cohen's d =
0.53) compartments. It appeared, however, that the magnitude differ-
ences for the two compartments between the two groups were not ho-
mogeneous at the femur, and the trochanteric region appeared
particularly responsive compared with the neck and shaft regions. The
anabolic effect of obesity on specific regions of the femur (i.e.
trochanter) may be modulated by the proportion of trabecular/cortical
bone and by the different localizations which do not undergo the same
increase in mechanical strains induced by overweight. Conversely to our
results, in other situations of increasing or reducing the mechanical load
applied to the skeleton, as during physical exercise or with spinal cord
injury, respectively [34,35], the trabecular compartment evaluated by
the same 3D device seemed more responsive than the cortical
compartment. The apparent difference between our and previous results
concerning the preferential effect of mechanical loading on trabecular or
cortical compartments is due to the different mathematical approaches,
including Cohen's d or the percentage of difference. This last approach
cannot take into account the difference in vBMD between cortical bone
(mean value > 800 mg/cm®) and trabecular bone (mean value > 200
mg/cm®). In our study, when the percentage difference was calculated
between patients with obesity and controls, a preferential effect on
trabecular vBMD (9.5%) compared with cortical vBMD (6%) was also
observed (data not shown).

In the absence of comparable data obtained from patients with
obesity using the same 3D-DXA method, we can only try to draw par-
allels with the findings obtained with validated devices in comparable
populations of patients. Nevertheless, it should be noted that, given the
technical constraints, only the distal tibia can be analysed with pQCT or
HR-pQCT, which might constitute a bias, most likely because the
response of tibia and femur to biological or mechanical stimuli may
partially differ, even though these two bones are both weight-bearing
bones. In line with our results, however, significantly higher total tibia
vBMD was also found in both young and pre- and postmenopausal
women with obesity compared with women with normal BMI
[8,28,29,36]. In these studies, the increase in total vBMD was mainly
due to greater trabecular vBMD and cortical thickness, whereas cortical
vBMD appeared less affected by obesity [8,28,29,36]. However, Evans
et al. [36] and Sornay-Rendu et al. [29] also reported an improvement in
cortical density (due to lower cortical porosity) only in postmenopausal
women, suggesting that age and menopausal status may modulate the
localized osteogenic response due to obesity. The increase in trabecular
vBMD in the femoral region of our patients with obesity may be
explained by a specific rearrangement and/or forms of trabeculae,
which we unfortunately could not evaluate here. Also, HR-pQCT anal-
ysis revealed that the greater trabecular density is due to a reorganiza-
tion of the trabeculae, characterized by greater trabecular numbers that
reduce the trabecular separation [18,19,36] associated with [8,18,19]
or without [36] lower trabecular thickness.

In this population of patients with obesity, as previously reported for
HSA [37], it will be interesting to evaluate whether the incorporation of
trabecular and cortical data in a model will improve the prediction of
hip fracture risk in clinical practice, independently of aBMD. Our study
performed in young women with obesity who are probably not at high
risk of fragility fractures was not designed to answer this question.
However, one element of response was given by a retrospective study
that reported in a small number of subjects that postmenopausal women
with hip fractures presented lower bone density at the trabecular
compartment and the cortex compared with the non-fractured control
group [38], confirming previous data obtained from pQCT [39].

In young women with obesity, the concomitant higher bone density
(aBMD and vBMD) and improved bone geometry (i.e. cortical thickness)
may explain the improved bone strength (i.e. CSA, CSMI, section

modulus, BR) estimated by HSA analysis. Our results confirmed those of
previous studies that reported a higher failure load (a strength estimate)
in postmenopausal women [29] and in young women with obesity
compared with controls [8]. Nevertheless, after adjusting for body
weight, the failure load was lower in patients with obesity compared
with controls [8]. Beck et al. [11] also reported that the higher evaluated
bending strength did not remain in proportion to weight in the patients
with obesity. Finally, Sornay-Rendu et al. [29] observed that the in-
crease in all bone parameters in obese women was lower relative to the
excess weight and the high BMI, which may explain a relative fragility.

The increase in body mass in obese patients is considered to be the
major factor in the modification of bone characteristics to support
localized mechanical loading applied on the skeleton [5]. However,
these parameters are not sufficient to discriminate the real effect of the
two principal components of the body characterized by LBM and FM. In
our study, when the whole population or subgroup analysis was per-
formed, LBM appeared to be more closely associated with bone pa-
rameters than FM. It should be noted that our observation has also been
well-documented in women within a wide age and BMI spectrum,
especially in the obese population [7,9-11,26,28,29,31]. For example,
we recently reported that LBM was the parameter most consistently
associated with aBMD in young women, whatever the BMI category,
including normal-weight controls and patients with anorexia nervosa or
obesity [9]. Interestingly, we report for the first time the same associa-
tion between LBM and the trabecular and cortical compartments eval-
uated by 3D-DXA analysis. Previous studies performed with HR-pQCT
observed that microarchitecture parameters of better bone quality were
positively correlated with LBM, whereas those reflecting greater
fragility were negatively correlated [29,40]. All these findings should
confer a status of choice on LBM. Its precise evaluation and incorpora-
tion into risk scores may improve the detection of subjects at high risk of
fracture. In addition to the anthropometric parameters, systemic bio-
logically active molecules linked to obesity may also interact with bone
metabolism and may explain the unexpectedly higher aBMD [9,10,27]
and microarchitecture adaptations [29,36] observed at the radius, a
non-weight bearing bone site, in subjects with obesity. Among them,
increased leptin levels [43,44], oestrogen secretion [29,45,46] and the
more recently observed myokines (i.e. irisin) [27] may mediate the ef-
fect of obesity/LBM on bone tissue. In future research, it will be inter-
esting to evaluate their potential relationships with integral, trabecular
and cortical vBMD.

This study had limitations, particularly its cross-sectional design and
the single measurements of bone parameters. However, these limitations
are mitigated by the wide age range for the two groups around the time
of peak bone mass, the high degree of age-matching, and the similar
clinical profiles within groups. Moreover, the raw data associated with
the data derived from modelling provide clear bone profiles for the two
groups during the bone mass acquisition period. Longitudinal studies
during weight loss in subjects with obesity may help to further clarify
the concomitant effects of weight on aBMD, HSA and 3D-DXA parame-
ters. We are aware that we did not evaluate the overall contribution of
lifestyle factors to bone parameters, particularly physical activity, which
may amplify the mechanical loading associated with excessive muscle
mass and weight during movement on the skeleton in patients with
obesity. However, the individuals with obesity and the healthy controls
performed only leisure physical activities for less than 1 h per week and,
as none of them was participating in a training program on the day of
inclusion, this factor may have had a limiting effect. Moreover, Vilja-
kainen et al. [47] using a multivariate model showed that the contri-
bution of lifestyle factors to bone characteristics was minimal compared
with BMI in patients with obesity.

In conclusion, this study showed that young women with obesity
present higher aBMD and an improvement in hip geometry and strength
parameters compared with normal-weight controls. Additionally, for the
first time, we report that vBMD at cortical and trabecular compartments
measured by 3D-SHAPER® are favourably and concomitantly modified.



However, it now needs to be determined whether the evaluation of these
new parameters improves the prediction of fracture risk, particularly in
older women with obesity. Among the anthropometric parameters, LBM
was most consistently associated with bone parameters, suggesting that
this factor may have an important role in hip strength and thus in
fracture risk.
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