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Abstract: The relationship between body weight and bone mass in the elderly remains unclear, and
whether obesity is a protective factor is still a matter of debate. For this reason, the aim of this study is
to assess the association between body mass index (BMI) and bone mineral content adjusted by body
weight, expressed as a percentage (W-BMC%), and to test the validity of the obesity paradox in this
context. A cohort of 1404 older adults was categorized according to the World Health Organization’s
BMI cut-off points and completed a total and segmental body composition measurement by means
of a dual X-ray absorptiometry scan. Individuals with obesity displayed a lower mean w-BMC%
(3.06 &= 0.44%; 2.60 =+ 0.37%) compared to those who were normal-weight (3.95 & 0.54%; 3.38 & 0.48%)
and overweight (3.06 & 0.44%; 3.04 & 0.37%) in both genders. Linear regression analysis also showed
a negative association between BMI and w-BMC% in males (f = —0.09; p < 0.001) and females
(B = —0.06; p < 0.001). Finally, among individuals with obesity, and after adjusting for age, the linear
regression models revealed a significant decrease of 0.75% and 0.28% in w-BMC% for every one-unit
increase in the trunk fat/appendicular lean mass ratio in both males (3 = —0.749; p < 0.0001) and
females (3 = —0.281; p < 0.001). In conclusion, we suggest a new paradigm regarding the impact
of obesity on bone mass, in which the former does not appear to be a protective factor of the latter,
especially in individuals with central obesity and low muscle mass.
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1. Introduction

Obesity is a chronic disease that is widespread in many countries, especially those with
a Western lifestyle [1]. This prompted the World Health Organization (WHO) to introduce
the term “globesity”, combining “global” with “obesity”, to emphasize the extent to which
this problem has become relevant worldwide [2,3]. In fact, obesity is considered a major
risk factor for several medical (i.e., type 2 diabetes, dyslipidemia, and hypertension) [4]
and psychosocial (i.e., depression, anxiety, and eating disorders, as well as an impaired
health-related quality of life (HRQoL)) morbidities [5,6], which may unavoidably lead to
increased mortality rates [7]. For this reason, and despite their frequent lack of success [8],
obesity guidelines recommend a wide range of weight loss interventions [9,10], including
recently developed anti-obesity drugs [11]. Osteoporosis and fracture risk in older people
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pose another challenging health problem, with global estimates that 50% of females and
20% of males aged over 50 years will experience a fracture related to reduced bone mass,
resulting in a significant total economic burden [12,13].

Taking into consideration both conditions (i.e., obesity and osteoporosis) [14], the
impact of body weight on bone health is still unclear, since the data provided in the
literature are controversial [15]. Some studies have reported a positive association between
body mass index (BMI) and bone mass, in which obesity was found to be associated with
increased bone mineral density (BMD) [16], suggesting that the former (i.e., obesity) acts
as a protective factor against the risk of fracture [17] and supporting the paradigm of
the “obesity paradox” [18,19], especially in older adults [20]. On the other hand, other
scientific evidence has shown a greater risk of fractures in patients with obesity [21,22].
This introduced a new paradigm among researchers that contrasts with the previous one
(i.e., the obesity paradox), which describes a complex relationship between obesity and
bone health, hypothesizing that patients with obesity, especially those with central fat
distribution and a lower muscle mass, appear to have an impaired bone status (i.e., low
bone mass, higher risk of fracture, etc.) rather than a protected one [23].

The reason behind the discrepancy between the findings is still unclear. However,
recent reports have claimed that the use of traditional diagnostic criteria for osteoporosis,
based only on areal BMD, may lead to failure to diagnose osteoporosis in individuals with
large bones (i.e., obesity) [24], as their high BMD values do not necessarily imply that
they have stronger bones with a lower risk of fracture [25]. Some studies suggested a new
adjusted index of bone mineral content (BMC) to make up for the shortcomings of BMD in
osteoporosis diagnosis. One of the main variables to adjust was body weight, which was
found to be a key determinant of bone mass [26,27]. For this reason, the standardization of
BMC, taking into account body weight or BMI, should be investigated [24,28].

Based on these considerations, the aim of this study is (i) to assess bone mass across
the BMI categories in older adults of both genders, taking into account the standardized
BMC after adjustment by body weight, expressed in percentage (w-BMC%), as suggested
elsewhere to avoid any interpretation bias across the BMI categories [24], and (ii) to clarify
if obesity has any protective role in bone health and therefore to confirm or disprove
the concept of the “obesity paradox”. We hypothesize that obesity is not a protective
factor for bone mass but is associated with lower weight-adjusted BMC, especially in those
individuals with central obesity and low muscle mass.

2. Materials and Methods
2.1. Participants and Design of the Study

This research involved a retrospective investigation that took the form of a single-
center study. Individuals were pooled from an initial large cohort in which patients
were consecutively and voluntarily recruited in the Nutritional Unit of the Department
of Biomedicine and Prevention situated at the University of Rome “Tor Vergata” in Italy
during the period from June 2018 to May 2022. The inclusion criteria were (i) having
an age > 60 years, (ii) being normal-weight, overweight, or with obesity, according to
the WHO BMI cut-off points (i.e.,, >18.5-24.9 kg/m?, >25-29.9 kg/m?, >30.0 kg/m?,
respectively) [29], and (iii) completing a body composition test by means of dual X-ray
absorptiometry (DXA). Patients were excluded if they were (i) aged <60 years or (ii) un-
derweight, according to the WHO BMI cut-off points (i.e., <18.5 kg/m?), pregnant or
lactating, taking medication that affects body weight or composition, suffering from severe
psychiatric disorders, or presenting with medical comorbidities associated with weight
loss (e.g., cancers). Accordingly, a total of n = 1404 individuals were included, and the post
hoc power analysis using G*Power (version 3.1.9.2) for this sample gave a power of 1 for
regression analysis in males or females from all BMI categories and a power of 0.9 for those
with obesity [30].
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Approval from the ethics committee was obtained from the Calabria Region Center
Area Section (Register Protocol No. 97, 20 April 2023). All the patients” data were treated
according to European/Italian privacy laws and informed written consent was obtained.

2.2. Body Weight and Height

Body weight and height were measured by a medical doctor involved in the study
with individuals fasting before breakfast, wearing light clothes and no shoes, using an
electronic weighing scale (SECA 2730-ASTRA, Hamburg, Germany) and a stadiometer. The
BMI was then calculated according to the standard formula of body weight measured in
kilograms, divided by the square of the height in meters [29]:

BMI (kg/ m?) = Body weight (kg) + height2 (m)

2.3. Body Composition

Body composition was determined using a DXA (DXA, GE Medical Systems) fan beam
scanner, which assessed both the whole and regional compartments (arms, trunk, and legs)
in terms of fat, lean, and bone mass. Standard DXA quality control and calibration measures
were performed prior to each testing session. Individuals were asked to abstain from any
form of physical activity in the 24 h prior to the measurement, and before the test to remove
all clothing except for undergarments including shoes, socks, and metal items prior to
being positioned on the DXA table. Scans were performed with the individuals in a supine
position. The entire body was scanned beginning from the top of the head and moving in
a rectilinear pattern down the body to the feet, and the effective radiation dose from this
procedure was approximately 0.01 millisieverts (mSv). The mean measurement time was
15 min and the average was 20 min. In this study, we considered the following variables:

(a) Body fat (BF) = total body fat expressed in kg;

(b) BF% (BF as a percentage of the total mass) = (BF < body weight) * 100;

(¢) Trunk fat = total trunk fat expressed in kg;

(d) Trunk fat% = (trunk fat + BF) % 100;

(e) Lean mass (LM) = total lean mass, bone excluded, expressed in kg;

(f) LM% (LM as a percentage of the total mass) = (LM + body weight) * 100;

(g) Appendicular lean mass (ALM) = total lean in arms and legs with bone excluded,
expressed in kg);

(h) Total bone mineral content (BMC) = total amount of minerals in bone expressed in kg;

(i) w-BMC% (BMC adjusted by body weight expressed as a percentage) = (BMC = body
weight) * 100. As BMC varies with weight, BMC% serves as a standardized index
accounting for between-subject weight variability [24];

() Trunk fat/appendicular lean mass ratio: trunk fat < appendicular lean mass, to create
a combined variable that expresses the central fat distribution and muscle mass in
the extremities.

2.4. Statistical Analysis

The results are presented as means and standard deviations for continuous variables
and frequencies and proportions for categorical ones. Student’s t-test and an analysis of
variance (ANOVA) were performed to calculate the mean comparison between the different
BMI categories and males and females, respectively. The chi-squared test for independence
was utilized to explore the distribution of BMI categories by sex. Correlation analysis and
scatter plots were used to assess the correlation between BMI and BMC (kg) or w-BMC%.
Simple and age-adjusted linear regression models were applied to study the direction and
size of the association between w-BMC% and body composition. For this purpose, two
models were employed to regress w-BMC% on BMI across three categories and w-BMC%
on the trunk fat/ ALM ratio while adjusting for age in both males and females. All tests were
considered significant at p < 0.05. All statistical analyses were conducted with Statistical
Package for the Social Sciences (SPSS) version 26 (2019) [31].
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3. Results

A total of 1404 older adults with a mean age of 67.64 £ 6.32 years and a BMI of
29.09 + 4.71 kg/m? were included in the study. Males comprised 43.3% (1 = 608) and fe-
males 56.7% (n = 796). The mean age did not differ between both genders (67.77 & 6.30 years
vs. 67.53 £ 6.33 years), while males were heavier (83.28 & 14.22 kg vs. 71.25 £ 12.98 kg)
and taller (1.69 £ 0.07 m vs. 1.56 £ 0.07 m) compared to females (p < 0.0001). Body com-
position differed significantly between them, with females having significantly higher BF
(31.40 £ 9.53 kg vs. 27.89 £ 9.05 kg) and BF% (43.25 £ 6.84% vs. 32.77 £ 6.78%) (p < 0.0001).
Trunk fat in females was lower (16.87 &+ 5.60 kg vs. 17.49 £ 5.86 kg) (p = 0.048) in com-
parison to males. Trunk fat% was significantly higher in males (62.42 & 5.39%) relative to
females (53.45 £ 6.30%) (p < 0.0001). However, females had lower LM (37.79 & 5.19 kg vs.
52.56 + 7.12 kg) and LM% (53.82 £ 6.57% vs. 63.77 £ 6.46%) as well as ALM (16.20 + 2.64 kg
vs. 23.12 & 3.86 kg) than males (p < 0.0001). In terms of the trunk fat/ALM ratio, females
had significantly higher ratios (1.05 & 0.31 vs. 0.76 £ 0.24) than males (p < 0.0001). BMC
(2.05 £ 0.33 kg vs. 2.83 £ 0.45 kg), and w-BMC% (2.93 &+ 0.50% vs. 3.46 £ 0.57%) was
significantly lower in females than males (p < 0.0001) (Table 1).

Table 1. Age, anthropometric measures, and body composition of the study participants by gender
(n =1404).

Total Male Female Sionificance
(1404) (1 = 608) (1 = 796) 8
Age (years) 67.64 (6.32) 67.77 (6.30) 67.53 (6.33) p=0477
Weight (kg) 76.46 (14.78) 83.28 (14.22) 71.25 (12.98) p <0.0001
Height (m) 1.62 (0.09) 1.69 (0.07) 1.56 (0.07) p < 0.0001
BMI (kg/m?) 29.09 (4.71) 28.96 (4.29) 29.20 (5.01) p=0.333
X2 = 0.461;
p=0.79%
Normal 277 (19.7) 116 (19.1) 161 (20.2)
Overweight 567 (40.4) 251 (41.3) 316 (39.7)
Obesity 560 (39.9) 241 (39.6) 319 (40.1)
BF (kg) 29.88 (9.49) 27.89 (9.05) 31.40 (9.53) p < 0.0001
BF (%) 38.71 (8.56) 32.77 (6.78) 43.25 (6.84) p <0.0001
Trunk fat (kg) 17.14 (5.73) 17.49(5.86) 16.87 (5.60) p=10.048
Trunk fat (%) 57.33 (7.40) 62.42 (5.39) 53.45 (6.30) p < 0.0001
LM (kg) 44.19 (9.53) 52.56 (7.12) 37.79 (5.19) p <0.0001
LM (%) 58.13 (8.18) 63.77 (6.46) 53.82 (6.57) p < 0.0001
ALM (kg) 19.19 (4.71) 23.12 (3.86) 16.20 (2.64) p < 0.0001
Trunk fat/ ALM 0.92 (0.32) 0.76 (0.24) 1.05 (0.31) p < 0.0001
BMC (kg) 2.39 (0.55) 2.83 (0.45) 2.05 (0.33) p < 0.0001
w-BMC (%) 3.15 (0.58) 3.46 (0.57) 2.93 (0.50) p < 0.0001

BMI = Body mass index; BF = Body fat; BF (%) = Body fat percentage; LM = Lean mass; LM (%) = Lean mass
percentage; ALM = Appendicular lean mass; BMC = Bone mineral content; w-BMC (%) = BMC adjusted by body
weight expressed as a percentage.

A total of 608 (43.3%) older adult males with a mean age of 67.77 & 6.30 years and a
BMI of 28.96 4 4.29 kg/m? were included in this study. The mean age differed significantly
across the BMI categories among older male adults, with normal-weight males being
older (69.74 £ 6.99 years) compared to those who were overweight (67.51 & 6.27 years) or
with obesity (67.11 & 5.79 years). Body composition varied considerably across the BMI
categories, with those with obesity having the highest total BF (35.76 & 6.28 kg), followed
by overweight (25.45 + 4.98 kg) and then normal-weight (16.81 £ 5.47 kg) (p < 0.0001)
individuals. The same trend occurred for BF% (37.27 + 4.17% vs. 32.05 4+ 4.98% vs.
24.99 £ 6.89%) (p < 0.0001), trunk fat (22.56 £ 3.89 vs. 15.98 & 3.28 vs. 10.19 £ 3.72)
(p <0.0001), and trunk fat% (63.26 & 4.12% vs. 62.81 = 4.79% vs. 59.84 £ 7.71%) (p < 0.0001).
Alternatively, while LM (46.92 & 5.04 kg vs. 50.90 =+ 5.64 kg vs. 57.00 £ 6.70 kg) and ALM
(20.14 £ 3.11 kg vs. 22.48 £ 3.27 kg vs. 25.22 &+ 3.58 kg) exhibited the same trend as



Nutrients 2024, 16, 352

50f 15

BF and increased progressively across the BMI categories (p < 0.0001), LM% revealed
a decreasing trend, with normal-weight older adult males demonstrating the highest
LM% (71.06 £ 6.73%), followed by overweight (64.35 & 4.82%) then obese (59.66 + 4.07%)
(p < 0.0001) individuals. When comparing the trunk fat/ ALM ratio across BMI categories,
the same increasing trend was observed, with older adult males with obesity having a
significantly higher ratio (0.91 & 10.19 vs. 0.73 £ 0.19 vs. 0.52 & 0.21) (p < 0.0001) (Table 2).

Table 2. Age, anthropometric measures, and body composition among males by BMI category
(n = 608).

Total NW (014 OB Sienifican
(608) (1 = 116) (n = 251) (n =241) grnthicance

Age (years) 67.77 (6.30)  69.74 (6.99)® 6751 (6.27)P  67.11(5.79) b p=0.001
Weight (kg) 83.28 (14.22)  66.35(7.31)@ 7921 (7.67)® 95.68(10.68)¢  p <0.0001
Height (m) 1.69 (0.07)  1.69(0.07)@  1.69(0.07)@  1.70(0.07)2 p=0.956
BMI (kg/m?2) 28.96 (429) 23.06 (1.58) 27.57(1.42)P 33.23(248) ¢  p<0.0001
BF (kg) 27.89 (9.05) 16.81(5.47)2 2545(498)® 3576 (6.28)¢  p<0.0001
BF (%) 32.77 (6.78)  24.99 (6.89)2 32.05(498)P 3727 (417)¢  p<0.0001
Trunk fat (kg) 1749 (5.86) 10.19(3.72)® 1598 (3.28)P 2256 (3.89)¢  p <0.0001
Trunk fat (%) 6242 (5.39) 59.84 (7.71)* 62.81 (479)® 6326 (4.12)>  p<0.0001
LM (kg) 5256 (7.12)  46.92 (5.04) 5090 (5.64)®  57.00 (6.70)¢  p <0.0001
LM (%) 63.77 (6.46)  71.06 (6.73)®  64.35(4.82)>  59.66 (4.07)¢  p<0.0001
ALM (kg) 23.12(3.86) 20.14 (3.11)2 2248(327)P 2522(3.58)¢  p<0.0001
Trunk fat/ALM 076 (024) 052 (0.21)@  0.73(0.19)®  0.91(0.19) ¢ p < 0.0001
BMC (kg) 2.83(0.45)  2.61(042)2 2.85(042)®  292(0.46)" p < 0.0001
w-BMC (%) 3.46(0.57)  3.95(0.54)2  3.60(0.42)®  3.06(0.44) € p < 0.0001

a b ¢ Values with different superscripts are significantly different at p < 0.05. BMI = Body mass index; BF = Body
fat; BF (%) = Body fat percentage; LM = Lean mass; LM (%) = Lean mass percentage; ALM = Appendicular lean
mass; BMC = Bone mineral content; w-BMC (%) = BMC adjusted by body weight expressed in percentage.

BMC was considerably higher among males with obesity (2.92 £ 0.46 kg) or who
were overweight (2.85 & 0.42 kg) compared to the normal-weight (2.61 £ 0.42 kg) group
(p < 0.0001). Correlation analysis revealed a significant positive correlation between BMC
(kg) and BMI in males (0.227, p < 0.0001) (Figure 1). In contrast, w-BMC% exhibited a
progressively decreasing trend across the BMI categories, with the highest being in normal-
weight individuals (3.95 &+ 0.54%), followed by overweight ones (3.60 & 0.42%), and the
lowest among those with obesity (3.06 £ 0.44%) (p < 0.0001) (Table 2) (Figure 2).
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Figure 1. Association between BMI (kg/ m?2) and BMC (kg) among (a) males and (b) females. BMC = Bone mineral content.
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Figure 2. Mean w-BMC% within the three BMI categories by males and females. NW = Normal
weight; OW = Overweight; OB = Obesity; w-BMC% = BMC adjusted by body weight expressed as a
percentage. * p-value for Student’s t-test <0.05.

A total of 796 (56.7%) older females with a mean age of 67.53 + 6.33 years and BMI of
29.20 + 5.01 kg/m? were included in this study. Their body composition differed signif-
icantly across the BMI categories, with individuals with obesity having the highest total
BF (39.89 £ 6.93 kg), followed by overweight (28.70 & 4.75 kg) and then normal-weight
(19.88 = 4.47 kg) (p < 0.0001) ones. The same trend occurred for BF% (47.92 £ 4.36% vs.
42.71 &+ 4.90% vs. 35.06 £ 5.97%) (p < 0.0001), trunk fat (21.71 £ 4.16 kg vs. 15.43 + 2.89 kg
vs. 10.11 + 2.93 kg) (p < 0.0001), and trunk fat% (54.58 £ 5.72% vs. 53.87 £ 5.82%
vs. 50.39 & 7.25%). Alternatively, while LM (40.90 £ 4.99 kg vs. 36.31 & 4.26 kg vs.
34.56 £+ 3.83 kg) and ALM (17.56 + 2.60 kg vs. 15.65 £ 2.30 kg vs. 14.58 £ 2.01 kg)
exhibited the same trend as body fat and increased progressively across the BMI categories
(p < 0.0001), LM% revealed a decreasing trend, with the normal-weight older adult fe-
males demonstrating the highest LM% (61.55 £ 5.82%), followed by the overweight ones
(54.26 £ 4.85%) and then those with obesity (49.48 £ 4.29%) (p < 0.0001). When comparing
the trunk fat/ALM ratio, an increasing trend was observed, with older adult females with
obesity having a significantly higher ratio (0.71 & 0.24 vs. 1.01 £ 0.23 vs. 1.25 £ 0.25)
(p < 0.0001) (Table 3).

Table 3. Age, anthropometric measures, and body composition among females by BMI category
(n = 796).

Total NwW (027 OB

(n = 796) (n =161) (n = 316) (=319  Significance
Age (years) 67.53 (6.33) 6776 (7.03)2 67.18 (6.20)2  67.78 (6.09) 2 p=0438
Weight (kg) 71.25(12.98) 56.35(5.61)@  67.05(6.43)> 82.93(9.89)¢  p<0.0001
Height (m) 1.56 (0.07) 1.58(0.07)2  157(0.07)®  1.55(0.06)P p=0.001

BMI (kg/m?) 29.20 (5.01)  22.69 (1.59)2 27.34(1.40)®  34.32(2.90) p <0.0001
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Table 3. Cont.
Total NW (0)% OB Sienificance
(1 = 796) (n =161) (n = 316) (n = 319) 8
BF (kg) 3140 (9.53) 19.88 (447)3 2870 (4.75)P  39.89 (6.93)¢  p<0.0001
BF (%) 4325(6.84) 3506 (5.97)2 4271 (490)> 47.92 (4.36)¢  p<0.0001
Trunk Fat (kg) 1687 (5.61)  10.11(2.93)@ 1543 (2.89)> 21.71(4.16)¢  p<0.0001
Trunk Fat (%)  5345(629) 50.39(7.25)* 53.87 (5.82)® 5458 (5.72)®  p<0.0001
LM (kg) 37.79 (5.19)  34.56(3.83)2 36.31(4.26)P> 4090 (4.99)¢  p<0.0001
LM (%) 53.82(6.57)  61.55(5.82) 5426 (4.85)° 49.48(429)¢  p<0.0001
ALM (kg) 1620 (2.64) 1458 (2.01)@ 15.65(2.30)®  17.56 (2.60)¢  p <0.0001
Trunk fat/ALM  1.05(0.31)  0.71(024)2  1.01(023)®  125(0.25)¢  p<0.0001
BMC (kg) 205(0.33)  191(0.33)® 204(032)P  214(033)¢  p<0.0001
w-BMC (%) 293(0.50)  3.38(0.48)* 3.04(037)®  260(037)¢  p<0.0001

ab¢ Values with different superscripts are significantly different at p < 0.05. NW = Normal weight;
OW = Overweight; OB = Obesity; BMI = Body mass index; BF = Body fat; BF (%) = Body fat percentage;
LM = Lean mass; LM (%) = Lean mass percentage; ALM = Appendicular lean mass; BMC = Bone mineral
content; w-BMC% = BMC adjusted by body weight expressed as a percentage.

BMC was significantly higher among females with obesity (2.14 & 0.33 kg), followed
by overweight (2.04 = 0.3 kg) and normal-weight (1.91 & 0.33 kg) ones. Correlation analysis
revealed a significant positive correlation between BMC (kg) and BMI among females (0.283,
p < 0.0001) (Figure 1). In contrast, w-BMC% exhibited a progressively decreasing trend
across the BMI categories, with the lowest among individuals with obesity (2.60 £ 0.37%),
then overweight (3.04 £ 0.37%) ones, and the highest value found among those with a
normal weight (3.38 £ 0.48%) (p < 0.0001) (Table 3) (Figure 2).

Comparing mean w-BMC% within the BMI categories between male and female older
adults revealed a significantly lower w-BMC% among females compared to males within
all the BMI categories (Figure 2). The scatter plot in Figure 3 was plotted to examine
the variation in w-BMC% with BMI. A clear decreasing trend in w-BMC% was revealed
across all the BMI categories with increasing BMI in both male and female older adults.
The age-adjusted model among older adults with BMI > 30 kg/m? revealed a significant
decreasing trend in w-BMC% among both males (3 = —0.09; p < 0.0001) and females
(B =—0.06; p < 0.0001).

With a focus on older adults with obesity (BMI > 30 kg/m?), a scatter plot between the
trunk fat/ ALM ratio and w-BMC% was plotted with a simple linear regression model strat-
ified by gender (Figure 4). A significant negative association between the trunk fat/ ALM
ratio among male and female older adults with BMI > 30 kg/m? was demonstrated
(Figure 4). After adjustment for age, the linear regression models still held for a significant
decrease of 0.75 percentage points in w-BMC% ( = —0.749; p < 0.0001) in males and
0.28 percentage points (3 = —0.281; p < 0.001) in females for every one-point increase in the
trunk fat/ ALM ratio.
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Figure 3. Association between BMI and w-BMC% by BMI category; (a) males, (b) females. NW = Normal weight; OW = Overweight; OB = Obesity; BMI = Body
mass index; w-BMC% = BMC adjusted by body weight expressed as a percentage.
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Figure 4. Association between trunk fat/ALM ratio and w-BMC% among participants with BMI > 30 kg/ m? stratified by gender; (a) males, (b) females.
ALM = appendicular lean mass; w-BMC% = BMC adjusted by body weight expressed as a percentage.
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4. Discussion

The main finding of our study is that patients with obesity displayed a lower bone mass
in comparison to normal-weight and overweight individuals when taking into account
the BMC adjusted by body weight (w-BMC%). We also identified obesity as a negative
factor that impacts bone mass, especially in those with central obesity (greater trunk fat
deposition) and reduced muscle mass (i.e., appendicular lean mass).

4.1. Findings and Concordance with Previous Studies

Our findings are in line with previous works, in which a positive association between
BMI and bone mass was found, and obesity was associated with increased BMD [16,22,32]
or BMC [28]. In fact, we identified a positive association between BMI and BMC (expressed
in kg) in both males and females, and the absolute value of BMC (kg) appeared to be higher
in patients with obesity than in overweight individuals and, in turn, those in the normal-
weight range. However, some authors consider this positive correlation meaningless,
because although a recent study on individuals with obesity (BMI > 30 kg/m?) reported
higher BMD values in this population [21], this did not imply that they had a lower risk
of fracture. In fact, individuals with abdominal obesity (waist obesity > 102 cm), despite
their higher BMD, had a greater risk of vertebral fracture when compared to those with
a normal weight. The same authors argued that the BMD variable is not the only direct
and related factor affecting the fracture risk, as the latter can also be influenced by other
aspects [21]. One of these, body weight, is known to impact bone mass [26,27].

In terms of the second finding, when accounting for body weight, a negative associ-
ation between BMI and weight-adjusted BMC expressed in percentage (w-BMC%) was
identified, in which individuals with obesity appeared to display a lower w-BMC% when
compared with normal-weight and overweight people. This finding is in line with a recent
large-sample Chinese study, in which they found that considering a standardized BMC
after adjustment by body weight has led to a decrease in the number of missed diagnoses in
patients with a large body weight (i.e., obesity) and reducing misdiagnosis in those with a
smaller body weight (i.e., normal-weight individuals) [24]. Therefore, they concluded that
BMC adjustment by body weight is always needed to avoid the over- or underestimation
of the diagnosis of osteoporosis, and consideration of the BMD or BMC values may lead to
misclassification bias [33].

Another factor that may affect bone mass status is body composition, including BF [34].
In our study, while we reported a decrease in w-BMC% across the BMI categories, we also
observed increases in BF and BF% across normal-weight to overweight individuals and
then individuals with obesity, as expected, and the negative impact of BF on w-BMC% may
be due to some hormones secreted by the former. In this regard, advances in research over
the last decade have highlighted various hormones involved in the interaction between
bone and adipose tissue (i.e., body fat) [35]. For instance, adiponectin is a hormone
secreted by adipose tissue that is able to suppress bone resorption through the inhibition of
osteoclast differentiation and promotion of osteoblast mineralization activity [35]. However,
adiponectin may be negatively associated with body mass (i.e., body weight and BMI) [36],
and recent papers have shown that individuals with obesity have lower levels [37,38],
which therefore may explain its negative impact on bone in this population. Testosterone
is a male sex hormone that acts directly on the osteoblasts by binding to the androgen
receptor and consequently promotes bone formation [39,40]. It usually decreases with age
to reach low levels in older adults [41], and testosterone levels are also decreased in males
with obesity [42]. These two conditions (i.e., age and obesity) may therefore act synergically
to accentuate the reduction in testosterone and lessen its protective effect on bones. A
third group similar to the previous one, estrogens, which are also sex hormones in females,
have a clear beneficial impact on bone metabolism, and their lack leads to age-related
bone mass decrease (i.e., osteoporosis) in women after menopause. In postmenopausal
women with obesity, the circulating estrogen levels are essentially maintained due to the
peripheral aromatization (related to adipose tissue) of increased androgens in relation to
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insulin resistance. However, the estrogens sourced from adipose tissue have not been found
to have a significant protective effect on bones in postmenopausal women [43].

The distribution of body composition may also impact bone mass status, particularly
the ratio between lean mass and visceral fat mass [44], and this is in line with our third
finding, in which an increased trunk fat/ ALM ratio was associated with lower w-BMC%,
with the trunk fat representing the central fat deposition. Another important component
included in this ratio is the ALM, which expresses the muscle mass of the extremities,
whose impact on bone mass is not yet fully understood [45]. Therefore, by including the
trunk fat/ALM ratio, we were able to detect the simultaneous impact of central obesity and
sarcopenia on bone mass. The underlying mechanism is still unclear, but we speculate that
the coexistence of both obesity, especially abdominal obesity [46], and sarcopenia [47] may
have a synergistic effect. Chronic inflammation is a common “denominator” seen in both
conditions [48] and is known to play a significant role in bone remodeling, specifically in
exacerbating it toward a resorption state, leading to a reduction in bone mass [49].

Therefore, the summary of our three findings suggests that obesity seems to interfere
with bone metabolism through mechanical (i.e., weight), hormonal (i.e., testosterone, estro-
gen, adiponectin, and other bone metabolism-related hormones), and inflammatory factors.

4.2. Study Strengths and Limitations

Our analysis has certain strengths. To the best of our knowledge, it is one of the few
evaluations to investigate bone mass by taking into account body weight status in obesity
and comparing it with that in other BMI groups (normal-weight and overweight) in a large
sample of older adults of both genders in a “real-world” clinical setting for nutritional
management. Secondly, body composition was measured using DXA, which guarantees a
precise assessment of the three main body components, namely the bone mineral content,
non-bone lean mass, and fat mass, in both the whole body and at the regional level
in individuals who are normal-weight, overweight, and with obesity [50,51]. Thirdly,
we utilized the BMC rather than the BMD, which showed excellent reproducibility [52]
and demonstrated a very good performance in fracture prediction [53], especially when
a reduced BMC with normal BMD has been reported [54]. However, our paper also
has certain limitations. Firstly, data were collected in a single unit and our results thus
require external validation across other populations [55,56]. Secondly, our study is cross-
sectional [57], therefore at best it can reveal only an association between obesity and low
bone mass, and no cause—effect relationship in which the former influences the latter [58].
Finally, we had no information regarding medications related to bone metabolism, and we
also did not perform any objective assessment of lifestyle habits, physical activity levels, or
dietary intake, which are factors known to affect body composition and bone mass [59], or
biochemical and hormonal blood tests. In regard to the latter, markers [60] such as those
related to a person’s chronic inflammatory status may play a central role in the diminished
bone mass of individuals with obesity, especially those characterized by increased central
fat deposition (abdominal obesity) and decreased lean mass in the extremities (reduced in
appendicular muscle mass).

4.3. Potential Clinical Implications and New Directions

Our findings have clinical implications in terms of raising awareness among clinicians
and patients that obesity is not associated with better bone mass status but instead the
opposite. It should therefore not be considered a protective factor and this should be
openly discussed with patients. Secondly, these results reveal the importance of regularly
assessing bone status in individuals with obesity, especially those with central obesity (i.e.,
a large waist circumference) and lower muscle mass (i.e., who are at risk of sarcopenic
obesity), since this condition seems to be strongly associated with impaired bone status.
Moreover, research that can provide a better understanding of the underlying mechanisms
behind reduced bone mass in individuals with obesity that can explain the interaction
between fat, muscle, and bone under the umbrella of obesity is needed. In addition, new
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strategies (i.e., nutritional, pharmacological, or involving physical activity, etc.) should be
developed that can improve bone mass in order to prevent or reduce the risk of fracture in
this specific population.

5. Conclusions

Our study found a negative association between body weight status and bone mass, as
individuals with obesity appear to display the lowest BMC, especially those with a higher
central fat deposition, thus major abdominal obesity, and lower appendicular muscle mass.
This represents a new paradigm of the link between obesity and bone status, which contrasts
with that of the “obesity paradox” that has been described as a protective general factor in
general [19,20] and, as discussed in this paper, specifically with regard to bone status.
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