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Abstract
Objectives  The aim of this study was to investigate how variations in body composition impact the likelihood and 
location of fragility fractures in older adults.

Methods  Data of US adults aged ≥ 60 years with fragility fracture and body dimension records (n = 13177, 
representing approximately 334 million US elderly adults) were from NHANES between 1999 and March 2020. We 
calculated body composition parameters, including the body roundness index (BRI), weight-adjusted waist index 
(WWI), abdominal visceral fat index (AVI), and arm-to-waist circumference ratio (AC/WC). Linear regression analyzed 
trends in site-specific fragility fractures, while logistic regression assessed the separate and joint effects of parameters.

Results  Fragility fractures increased, especially among elderly with central obesity. A rounded body shape 
(OR4.42 ≤ BRI ≤ 5.60 = 0.6, 95% CI, 0.4–0.9; OR5.61 ≤ BRI ≤ 7.00 = 0.5, 95% CI, 0.3–0.8; ORBRI ≥7.01 = 0.4, 95% CI, 0.2–0.8) and a 
balanced arm-to-waist size (OR0.32 ≤ AC/WC ≤ 0.33 = 0.6, 95% CI, 0.4–0.9) reduced the risk of hip fractures, and a moderate 
fat content (OR11.45 cm/√kg ≤WWI≤1.93 cm/√kg = 0.6; 95% CI, 0.4–1.0) lowered the risk of vertebral fractures. Joint analyses 
found that moderate-built (ORBRI < 4.42, 10.96 cm/√kg ≤WWI≤11.44 cm/√kg = 1.9, 95% CI, 1.3–3.0) elderly faced doubled 
risk of hip fractures compared to those with severe central obesity (BRI ≥ 7.01, WWI 11.45–11.93 cm/√kg), while 
mild obesity (OR5.61≤ BRI≤7.00, WWI < 10.96 cm/√kg = 0.1, 95% CI, 0.0–0.6) carried only 10% of this risk. A stocky physique 
(ORBRI ≥ 7.01, AVI 20.48–23.44 cm²/1000 = 3.6, 95% CI, 1.1–11.1) was a significant risk factor for vertebral fragility fractures, while 
fit individuals with strong arms (ORBRI < 4.42, AC/WC ≥ 0.34 = 0.7, 95% CI, 0.5–1.0) experienced a lower incidence of vertebral 
fractures.

Conclusions  This population-based cohort study identified distinct risk groups for fragility fractures and clearly 
visualized these high-risk populations, which contributes to preventing fragility fractures and reduce the risk of 
second fractures.

Keywords  Fragility fracture, Obesity, Body roundness index, Weight-adjusted waist index, Abdominal visceral fat 
index, Arm-to-waist circumference ratio.
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Background
Fragility fractures, particularly of the hip and spine, are 
serious complications of osteoporosis. Wrist fractures are 
common and result in loss of function and an increased 
risk of hip fracture [1]. For hip fractures, the 30-day 
cumulative mortality rate is between 5% and 10%, and a 
year after surgery, the rate can increase to approximately 
30% [2]. Vertebral compression fractures double the mor-
tality rate, with rates of 7.2% and 10.5% in women at one 
and two years and 14.6% and 20.6% in men [3]. Given 
global aging, preventing fractures is critical to improving 
longevity and quality of life.

Muscle mass declines after age 40, while fat increases 
with age [4]. Obesity increases stress on weight-bearing 
bones such as the hip and spine, increasing the risk of 
fractures [5]. Although adipose tissues produce protec-
tive adipokines, visceral fat is associated with higher 
levels of inflammatory cytokines and hormones that 
negatively impact bone mineral density (BMD) [6]. Stud-
ies show that obese women who typically experience hip, 
vertebral, and pelvic fractures are younger than normal-
weight or underweight women, while wrist fractures are 
more common in older women with obesity [7]. BMI is 
not an adequate measure of obesity because it does not 
take into account variations in fat-to-muscle ratio and 
fat distribution [8], highlighting the need for an alterna-
tive assessment method. Differences in body composition 
affect bone metabolism, stress distribution, balance and 
fall patterns, and the likelihood and location of fragility 
fractures.

This study attempts to conduct a comprehensive 
assessment of body composition using body dimension 
records. Body roundness index (BRI) is used to assess 
body shape in the context of metabolic diseases, such as 
hypertension [9] and cardiovascular health [10]. Weight-
adjusted waist index (WWI) is employed to estimate 
overall body fat, serving as an integrated measure for 
fat, muscle, and bone health [11]. Additionally, abdomi-
nal visceral fat index (AVI) provides insights into the risk 
of metabolic diseases associated with excess visceral fat 
[12]. The arm-to-waist circumference ratio (AC/WC) 
helps identify individuals with disproportionate fat distri-
bution [13]. The main objective of this study is to investi-
gate how body composition affects site-specific fragility 
fractures and to provide a readily apparent method for 
assessing fracture risk in elderly adults. Specifically, we 
examined: (1) the prevalence of site-specific fragility frac-
tures among US elderly adults; (2) the influence of body 
roundness, overall body fat, and fat distribution on these 
fractures; and (3) the joint associations of these body 
composition metrics for hip and vertebral fracture risk 
profiling in at-risk elderly individuals.

Methods
Data source and study population
We analyzed data from the National Health and Nutri-
tion Examination Survey (NHANES), a nationally rep-
resentative survey conducted in twelve two-year cycles 
from 1999 to March 2020. Participants in NHANES 
provided written informed consent and study protocols 
were approved by the Research Ethics Review Board of 
the National Center for Health Statistics. We focused 
on cycles with bone fracture information. Eight cycles 
(1999–2000, 2001–2002, 2003–2004, 2005–2006, 2007–
2008, 2009–2010, 2013–2014, 2017–March 2020) were 
included. The study sample was limited to older adults 
(age ≥ 60 years), with the clear answer being “broken or 
fractured a hip/wrist/spine” (yes/no).

Fragility fractures
Participants with a history of fragility fractures were 
defined as: (1) those who had a hip, wrist, or vertebral 
fracture, (2) excluding fractures caused by accidents 
or hard falls, and (3) excluding fractures that occurred 
before their age 50. Conversely, participants without a 
history of fragility fractures were defined as: (1) those 
who had not sustained a hip, wrist, or vertebral frac-
ture, or (2) those who had sustained such fractures but 
attributed them to accidents or hard falls. In addition, the 
overall fragility fractures were determined by aggregating 
reported incident hip, wrist, and vertebral fractures.

Anthropometry and body composition
Body measurements, including weight, height, waist cir-
cumference (WC), arm circumference, and body mass 
index (BMI), were obtained from the examination data. 
BMI was used to assess general obesity, which was cat-
egorized as follows: underweight (< 18.5 kg/m²), normal 
weight (18.5–24.9  kg/m²), overweight (25–29.9  kg/m²), 
and obese (≥ 30 kg/m²) [14]. In addition, WC serves as a 
measure of central adiposity, defined as ≥ 102 cm for men 
and ≥ 89  cm for women [15]. To provide a comprehen-
sive overview of participants’ body composition, we cal-
culated BRI [16], WWI [17], AVI [18], and AC/WC [13] 
using body weight, height, WC, and arm circumference.

Covariates
Demographic information regarding age, sex, and race/
ethnicity was collected. Age was divided into the follow-
ing groups: 60–69, 70–79, and ≥ 80 years. Race/ethnic-
ity was classified as non-Hispanic white, non-Hispanic 
black, Hispanic, and other (including multiple races).

Study outcomes
The primary outcome of this study was to provide a com-
prehensive assessment of body shape, total body fat, 
and fat distribution in relation to the risk of site-specific 
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fragility fractures, i.e., the separate and joint effects of 
body composition on these fractures. In addition, we 
examined trends in the prevalence of fragility fractures 
in relation to demographic characteristics and body 
composition.

Statistical analysis
Prevalence rates and 95% confidence intervals (CIs) were 
reported for categorical variables. The chi-square test (χ²) 
was used to assess the distribution consistency of cat-
egorical variables between elderly individuals with and 
without a history of fragility fractures. A crude weighted 
trend in the prevalence of fragility fractures across sur-
vey cycles was examined using a linear regression model, 
treating the combined survey cycle as a continuous vari-
able. Statistical significance was set at p < 0.05.

Due to the lack of reference ranges for the elderly pop-
ulation, the numeric parameters of body composition 
were divided into four quartiles and treated as categorical 
variables for further analysis. Interactions between vari-
ables were assessed using a logistic regression model. To 
evaluate the separate and joint effects of body shape, total 
body fat, and fat distribution on site-specific fragility 
fractures, a weighted logistic regression model adjusted 
for age, sex, and race/ethnicity was applied. To illustrate 
the risks associated with each variable, odds ratios (ORs) 
and corresponding 95% CIs were presented. A p < 0.05 
was considered indicate the statistical significance of this 
risk.

Sensitivity analyses for the separate effects of body 
composition on site-specific fragility fractures were 

performed (1) by excluding participants aged ≥ 80 years, 
(2) using a multivariable regression model adjusted for 
BMI, WC and covariates. In addition, sensitivity analyses 
were performed for the joint effects of body composi-
tion parameters on hip or vertebral fragility fractures by 
adjusting for a single body composition parameter along-
side covariates.

Data analysis for this study used rigorous methods 
suited for structured survey data, including stratifica-
tion, clustering, and weighting to ensure nationally rep-
resentative estimates. Statistical analyses were performed 
using SAS software (version 9.4). Python (version 9.3) 
was used to generate diagrams. Analyses were conducted 
from January 1, 2024, to August 1, 2024.

Results
Baseline characteristics
We identified 13,177 individuals representing approxi-
mately 334 million noninstitutionalized US elderly adults 
(Figure S1). Approximately 70% of the participants were 
above normal weight, with 37.2% (95% CI, 36.0–38.4%) 
classified as overweight and 35.9% (95% CI, 34.6–37.3%) 
as obese, and only 1.2% (95% CI, 1.0–1.4%) of the elderly 
were underweight (Table 1). In addition, more than 60% 
of participants were central obesity, with a WC of 102 cm 
or more in men and 89 cm or more in women, totaling 
66.4% (95% CI, 65.1–67.7%). Between 1999 and March 
2020, 15.1% (95% CI, 14.1–16.0%) of the US elderly 
reported a history of fragility fractures. Amongst, 1.9% 
(95% CI, 1.6–2.1%) experienced hip fractures, 11.2% (95% 
CI, 10.5–11.9%) had wrist fractures, and 3.1% (95% CI, 
2.6–3.5%) had vertebral fractures. Fragility fractures were 
consistently distributed across the BMI and WC catego-
ries (Table S1).

Trends in fragility fractures among US elderly adults
An increase was noted in the overall prevalence of fra-
gility fractures (Fig.  1A, Table S2), combining reported 
incident hip, wrist, and vertebral fractures. The preva-
lence of overall fragility fractures increased by 4%, from 
14.0% (95% CI, 12.5–15.5%) in 1999–2002 to 18.0% (95% 
CI, 15.9–20.0%) in 2017–March 2020. Among the find-
ings, the trend in vertebral fragility fractures showed 
an increase, while the rates of hip and wrist fragility 
fractures remained stable. By BMI and WC categories, 
fluctuating upward trends in the overall prevalence of 
fragility fractures were observed in the high-BMI and 
high-WC groups (Fig.  1B and C, Table S3). Regarding 
site-specific fragility fractures, consistent increases were 
noted in older individuals with a high-BMI (BMI ≥ 30 kg/
m²) or a high-WC (WC ≥ 102/89  cm) for wrist fragility 
fractures (Figure S2, Table S4).

Table 1  Baseline characteristics of participants in this study.a

Variable Subgroup % (95% CI)
Fragility fracture history Overall 15.1 (14.1–16.0)

Hip 1.9 (1.6–2.1)
Wrist 11.2 (10.5–11.9)
Spine 3.1 (2.6–3.5)

Age, y 60–69 52.2 (50.8–53.6)
70–79 32.0 (31.0–33.0)
≥ 80 15.8 (14.9–16.8)

Sex Male 45.4 (44.5–46.2)
Female 54.6 (53.8–55.5)

Race/ethnicity Non-Hispanic white 79.4 (77.1–81.8)
Non-Hispanic black 8.5 (7.2–9.7)
Hispanic 7.3 (6.0–8.7)
Other 4.8 (4.0–5.5)

BMI, kg/m2 < 18.5 1.2 (1.0–1.4)
18.5–24.9 25.6 (24.5–26.8)
25–29.9 37.2 (36.0–38.4)
≥ 30 35.9 (34.6–37.3)

WC, cm < 102/89 33.6 (32.3–34.9)
≥ 102/89 66.4 (65.1–67.7)

aData from NHANES. Data are weighted to be nationally representative. Data 
are present as prevalence (%, 95% CI) unless indicated otherwise
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Separate effect of body composition on fragility fractures
Q1 was used as a reference when examining the separate 
effect of body composition on site-specific fragility frac-
tures in Model 1 (Table S5). In hip fragility fractures, a 
higher BRI exhibited a protective role (OR4.42 ≤ BRI ≤ 5.60 = 
0.6, 95% CI, 0.4–0.9; OR5.61 ≤ BRI ≤ 7.00 = 0.5, 95% CI, 0.3–
0.8; ORBRI ≥7.01 = 0.4, 95% CI, 0.2–0.8; Fig. 2, Table S6.1). 
Furthermore, a moderate AC/WC ratio provided protec-
tive benefits (OR0.32 ≤ AC/WC ≤ 0.33 = 0.6, 95% CI, 0.4–0.9; 
Fig. 2, Table S6.1). This finding is consistent with the dis-
tribution and crude weighted trend in the prevalence of 
hip fragility fractures observed across AC/WC categories 
(Figure S3, Tables S7 and S8). Specifically, the prevalence 
of hip fragility fractures was lowest in the moderate AC/
WC group among elderly individuals with a history of 
hip fragility fractures (Table S7). Furthermore, the preva-
lence of hip fragility fractures showed a dynamic increase 

in both the low and high AC/WC groups, while remain-
ing stable in the medium and moderate groups (Figure 
S3, Table S8). In the context of wrist fragility fractures, 
both moderate and high BRI demonstrated protec-
tive effects, while moderate and high AVI posed risks 
(OR5.61≤ BRI ≤7.00 = 0.7, 95% CI, 0.5–0.9; ORBRI ≥ 7.01, 95% 
CI, 0.4–0.9; OR23.45  cm²/1000 ≤ AVI ≤ 26.96  cm²/1000 = 1.3, 95% 
CI, 1.0–1.8; ORAVI ≥ 26.97 = 1.6, 95% CI, 1.2–2.3; Fig.  2, 
Table S6.2). Notably, an upward trend in wrist fragil-
ity fractures was observed in the high BRI and high AVI 
groups (Figure S3, Table S8). Regarding vertebral fragil-
ity fractures, a significant association was found among 
elderly individuals with a moderate WWI, yielding an OR 
of 0.6 (OR11.45 ≤ WWI ≤ 11.93  cm/√kg = 0.6, 95% CI, 0.4–1.0; 
Fig. 2, Table S6.3). Consistently, a dynamic change in the 
prevalence of vertebral fragility fractures was observed 
in the elderly population with low and medium WWI 

Fig. 2  Separate effect of body composition on site-specific fragility fractures among US elderly adults, 1999–March 2020. Weighted logistic regression 
models were adjusted for body composition parameters (BRI, WWI, AVI, and AC/WC) and covariates (age, sex, and race/ethnicity). The OR and 95% CI for 
each subgroup are presented in color for p < 0.05 and in black for p ≥ 0.05

 

Fig. 1  Crude weighted prevalence in fragility fractures among US elderly adults, 1999–March 2020. (A) Prevalence in fragility fractures. (B) Prevalence in 
overall fragility fractures by BMI. (C) Prevalence in overall fragility fractures by WC. *The prevalence alters during this period, with a p-trend < 0.05
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Fig. 3 (See legend on next page.)
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levels, while no such change was noted in the moderate 
and high WWI categories during the period 1999–March 
2020 (Figure S3, Table S8).

When adjusted for an individual body composition 
parameter (Model 2, Model 3, Model 4, Model 5), most 
significant estimates for hip, wrist, and vertebral fragil-
ity fractures were lost (Tables S6.1, S6.2, S6.3). Ruling 
out the possibility of collinearity among body composi-
tion parameters (Table S6.5), there may be interactions 
between these parameters and covariates (Table S11) as 
well as joint association among these parameters (Table 
S12).

Age is a significant risk factor for fragility fractures, as 
demonstrated by the uneven distribution of prevalence in 
both overall fragility fractures and site-specific fractures, 
along with increasing incidence rates among older adults 
(Figure S2, Tables S1, S3 and S4). The association results 
remained robust after excluding participants ≥ 80 years in 
Model 6. The protective roles of BRI and AC/WC contin-
ued to demonstrate effectiveness in preventing hip fragil-
ity fractures, and high BRI was linked to a reduced risk 
of wrist fragility fractures, although the significant esti-
mate for WWI in preventing vertebral fragility fractures 
was absent (Table S9). The relationship of BMI and WC 
with site-specific fragility fractures was further analyzed 
in Model 7. No significant associations were observed 
for hip and vertebral fragility fractures, which are among 
the most serious events (Table S10). Additionally, being 
underweight, overweight, or obese was linked to a higher 
risk of wrist fragility fractures compared to normal 
weight, although this relationship lacks clear directional-
ity (Table S10).

Joint effect of body composition on fragility fractures
An interaction between BRI and WWI was found in hip 
fragility fractures (Table S12). The prevalence of hip fra-
gility fractures decreased across the BRI categories from 
Q1 to Q4, with individuals exhibiting a low BRI and high 
WWI (BRI < 4.42, WWI ≥ 11.94  cm/√kg) representing a 
significant proportion of hip fragility fractures (Fig. 3A). 
Model 8 showed that the OR for hip fragility fractures 
among elderly individuals with a combination of low 
BRI and medium WWI was 1.9 times of those with a 
high BRI and moderate WWI (BRI ≥ 7.01, WWI 11.45–
11.93 cm/√kg); in contrast, a moderate BRI and low WWI 
reduced that risk by 90% (ORBRI < 4.42, 10.96 ≤ WWI ≤ 11.44 cm/√kg 
= 1.9, 95% CI, 1.3–3.0; OR5.61 ≤ BRI ≤ 7.00, WWI < 10.96  cm/√kg 
= 0.1, 95% CI, 0.0–0.6; Fig. 3B, Table S13.1). In general, 

the anthropometric measurements for the corresponding 
joint groups indicated that moderate-built elderly faced 
a risk almost one-fold higher compared to that of those 
with severe central obesity, while mild obese individuals 
faced a risk of hip fractures that is only 10% of that seen 
in individuals with severe central obesity (Table S13.2). 
In the sensitivity analysis, the ORs for BRI (Model 2) or 
WWI (Model 3) were adjusted along with various covari-
ates (Table S6.1). The absence of significant estimates 
suggests that the joint effect of BRI and WWI may be a 
predominant factor influencing hip fragility fractures.

An interaction between BRI and AVI was identi-
fied concerning vertebral fragility fractures (Table 
S12, Table S13.3 and S13.5). Unlike hip fragility frac-
tures, the prevalence of vertebral fragility fractures 
increased as BRI rose from Q1 to Q4 (Fig. 3C). Using a 
low BRI and low AVI (BRI < 4.42, AVI < 20.48 cm²/1000) 
as a reference in Model 9, the ORs for elderly individu-
als with a medium BRI and moderate AVI and those 
with a high BRI and high AVI approximately doubled 
(OR4.42 ≤ BRI ≤ 5.60, 23.45 ≤ AVI ≤ 26.96  cm²/1000 = 1.7, 95% CI, 
1.0–2.8; ORBRI ≥ 7.01, AVI ≥ 26.97  cm²/1000 = 1.8, 95% CI, 
1.2–2.7; Fig.  3D, Table S13.3). Furthermore, in the 
elderly group with a high BRI and medium AVI, the 
OR for vertebral fragility fractures increased 2.6-fold 
(ORBRI ≥ 7.01, 20.48 ≤ AVI ≤ 23.444  cm²/1000 = 3.6, 95% CI, 1.1–
11.1; Fig.  3D, Table S13.3). Overall, the anthropometric 
measurements showed that individuals who were tall 
and overweight, as well as those who were with morbidly 
obesity, had a higher risk of vertebral fragility fractures, 
and the risk was highest among stocky-built individu-
als, compared to their lean physique counterparts (Table 
S13.4). In the sensitivity analysis, ORs for BRI (Model 2) 
or AVI (Model 4) were adjusted along with covariates 
(Table S6.3). Significant estimates were found in the high 
BRI group in Model 2 and the high AVI group in Model 
4, while both of which had lower akaike information cri-
terion (AIC) values compared to Model 9. Moreover, the 
interaction between BRI and AC/WC was also identi-
fied (Table S12). Using a moderate BRI and low AC/WC 
(5.61 ≤ BRI ≤ 7.00, AC/WC < 0.30) as a reference in Model 
10, the OR for elderly individuals with a low BRI and 
high AC/WC was decreased (ORBRI < 4.42, AC/WC ≥ 0.34 = 
0.7, 95% CI, 0.5–1.0; Fig. 3F, Table S13.5). Hence, fit indi-
viduals with strong arms experienced a lower incidence 
of vertebral fractures (Fig. 3E), compared to their coun-
terparts with abdominal obesity and a lack of exercise 
(Table S13.6). Although an interaction between AVI and 

(See figure on previous page.)
Fig. 3  Joint effects of body composition on hip and vertebral fragility fractures. The stacked graphs charts illustrate the prevalence of (A) hip fragility 
fractures in the BRI and WWI groups, C) vertebral fragility fractures in the BRI and AVI groups, and vertebral fragility fractures in the BRI and AC/WC groups. 
The forest plots reveal (B) the joint association of BRI and WWI in hip fragility fractures, D) the joint association of BRI and AVI in vertebral fragility fractures, 
and F) the joint association of BRI and AC/WC in vertebral fragility fractures. The OR and 95% CI for each joint group are presented in color for p < 0.05 and 
in black for p ≥ 0.05
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AC/WC was found (Table S12), no joint effect (Model 11) 
was significant when adjusted for age, sex, and race/eth-
nicity (Table S13.7).

The interaction of body composition parameters in 
wrist fragility fractures was identified (Table S12). How-
ever, due to the higher randomness of wrist fractures, 
which are influenced by a complex interplay of various 
contributing circumstances, as well as intrinsic factors 
like bone loss, no further exploration was conducted in 
this study.

Discussion
Principal findings
Fragility fractures occur when bones cannot withstand 
changes in pressure. The risk is influenced by factors such 
as bone microstructure, bone shape, abdominal tension, 
and fall patterns. By assessing body composition using 
BRI, WWI, AVI and AC/WC in US elderly adults, we 
examined various aspects of body composition and asso-
ciated fracture risks. This population-based cohort study 
identifies distinct risk groups for fragility fractures, par-
ticularly in the hip and spine, and clearly visualizes these 
high-risk populations.

Falls account for 95% of hip fractures [19], and dis-
tal radius fractures are commonly caused by falls onto 
the outstretched hand and lifting heavy objects [20]. A 
rounded body shape and or greater muscle strength, par-
ticularly in the upper arms, may protect against fractures 
by helping to restore balance after a fall [21, 22]. People 
aged 60 years and older generally suffer from sarcopenia 
[23]. Studies show that age-related loss accounts for up 
to 42% of muscle mass between the ages of 30 and 80, 
with a particularly rapid decline observed after the age 
of 50 [24]. Sarcopenia increases the risk of falls and hip 
fractures [25]. Simultaneously, an increase in appendicu-
lar skeletal muscle, but not body fat mass, is significantly 
associated with a lower risk of osteoporotic fractures, 
especially hip fractures [26]. Paralleled with the finding 
of this study, it has been reported that visceral obesity is 
a significant risk factor for wrist fractures as it promotes 
bone loss and impairs balance in the elderly [27, 28]. 
However, subcutaneous adipose tissues, which may be 
linked to favorable bone properties, have been associated 
with a higher areal BMD in the spine and hip [29]. This 
may explain why mild obesity a lower risk of hip frac-
tures had compared to severe central obesity and a slim 
abdominal build.

Vertebral compression fractures can be caused by low-
level stress or routine activities [30] such as lifting heavy 
objects or even sneezing. Increased abdominal pressure 
due to obesity or chronic diseases impairs load distribu-
tion on the spine and disrupts bone metabolism, increas-
ing the risk of vertebral compression fractures [31–33]. 
Although the effects of chest pressure on bone health is 

less clear, chronic conditions such as persistent cough in 
osteoporotic individuals increase the risk of fragility frac-
tures [34]. Internal abdominal and thoracic pressure has 
a significant impact on fragility fractures by altering bone 
quality and load distribution. Moreover, fat around the 
trunk cushions falls and absorbs shock, potentially reduc-
ing the risk of vertebral fractures [35]. Moderate body fat 
percentage has also been reported to be associated with 
higher BMD and improved bone health due to the benefi-
cial effects of hormones and adipokine [36, 37]. However, 
it has been estimated that a 10 cm increase in WC ele-
vates the risk of vertebral fractures by 3% [38]. The study 
therefore suggests that, unlike hip fractures, increased 
body roundness, possibly caused by visceral abdominal 
fat, affects the risk of vertebral fractures. Conversely, 
elderly with a moderate body fat percentage, likely due 
to subcutaneous fat, have a lower risk of vertebral frac-
tures, rather than morbid obesity compared to their lean 
counterparts. And the likelihood of spinal compression 
fractures increases with height due to greater gravita-
tion loading, potentially lower BMD, uneven mechanical 
stress distribution due to posture, and increased risk of 
age-related osteoporosis [39].

Limitations
In addition to the strengths of this study, including com-
prehensive analyses of nationally representative samples 
and body composition factors, several limitations should 
be acknowledged. First, the lack of records from the 
2011–2012 and 2015–2016 osteoporosis questionnaires 
impedes the continuous analysis of national trends from 
1999 to 2020, which may due to changes in questionnaire 
design, delays in data release, and issues related to sample 
size or data completeness. Second, the cross-sectional 
design of the study limits the ability to determine causal 
relationships between obesity types and fragility frac-
tures. Third, incomplete data on thigh and hip circum-
ference hinders the study of how lower body obesity may 
influence hip, vertebral, and wrist fractures. Fourth, fra-
gility fractures also occur in sites like the humerus, ribs, 
clavicle and pelvis, which were not included in this study 
due to data availability in NHANES. Finally, the study 
does not take into account confounding factors such as 
physical activity, genetic predisposition, and chronic dis-
eases that could influence the observed associations.

Implications for practice and researchers
This approach helps identify high-risk groups for fragility 
fractures, particularly of the hip and spine, in the elderly. 
Interventions should focus on strength training and bal-
ance exercises tailored to these populations to improve 
muscle quality and stability and prevent fractures. In 
addition, it is important to educate seniors on healthy 
lifestyle, such as proper nutrition and regular physical 
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activity. Regular exercise has been reported to remodel 
the abdominal subcutaneous adipose tissue, increasing 
its angiogenic capacity and lipid storage capacity, thus 
counteracting abnormalities associated with obesity-
related health complications [40]. Moreover, these find-
ings offer valuable insights for the practice of fragility 
fractures, allow for individualized surgical planning, and 
improve risk assessment by predicting healing capabili-
ties and complications. It informs tailored postoperative 
rehabilitation strategies, particularly for patients with a 
higher body fat percentage.

Conclusion
The roundness of the body serves a dual purpose. It may 
offer protection against hip fractures by facilitating bal-
ance, yet higher body roundness levels are associated 
with an increased risk of vertebral compression frac-
tures, which potentially due to the fat-induced stress and 
chronic inflammation from adipose tissues. The popula-
tion-based cohort study introduces a quick and accessible 
assessment of body composition, which is suitable for ini-
tial screening. And the outcome of this study establishes 
specific risk thresholds for fragility fractures, particu-
larly given that 70% of elderly adults were overweight or 
obese in the US during 1999–March 2020. Our findings 
highlight the importance of personalized intervention 
strategies that take into account body roundness, fat-
to-muscle ratio, waist circumference, and arm strength. 
These tailored approaches can effectively reduce fracture 
risk, extend longevity, and improve quality of life, while 
promoting healthier aging and emphasizing the need for 
individualized care.
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