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INTRODUCTION
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Jennifer S. Walsh?

Abstract

Obijective: This study aimed to determine the independent effects of obesity and
dynapenia on falls risk, areal bone mineral density, and fracture risk (lower extremity
or all other fractures).

Methods: A total of 16,147 women (aged 60-82 years) from the UK Biobank were
categorized by handgrip strength (HGS; dynapenia status: HGS < 21 kg) and body
weight (BMI: normal weight, overweight, or obesity). Multiple logistic regression
models examined the association among dynapenia and obesity and self-reported
falls (previous 12 months), lower extremity fractures, and all other fractures (previous
5 years).

Results: A total of 3793/16,147 women fell, and 1413/15,570 (9.1%) eligible women
experienced fall-related fractures. Obesity (odds ratio [OR] 1.25; 95% Cl: 1.12-1.38)
and dynapenia (OR 0.87; 95% Cl: 0.77-0.98) were both independently associated
with greater lower extremity fracture risk, independently of areal bone mineral den-
sity. However, considering all other fracture sites, obesity conferred protection
(OR 0.77; 95% ClI: 0.61-0.96), except in those with low HGS, who had an equivalent
fracture risk to those with normal weight (OR 1.06; 95% Cl: 0.82-1.38).

Conclusions: Dynapenia further increases the increased risk of leg and ankle frac-
tures in obesity and counteracts the protective effects of obesity on fracture risk at

all other sites (wrist, arm, hip, spine, other bones).

the medical and social cost of fragility fractures alone is estimated at
£4.4 billion per year in the UK [8].

Obesity is associated with a greater risk of fracture at the ankle, lower
leg, and proximal humerus [1-3] but a lower fracture risk at the wrist,
hip, and spine [2,4,5]. A more injurious fall type may explain this site-
specific fracture risk given the knowledge that obesity is associated
with greater areal bone mineral density (BMD) and stronger bone
structure, such as with denser cortices and increased trabecular num-
ber and thickness [5-7]. A greater understanding of fracture risk in a
population with a growing prevalence of obesity could reduce the

economic burden of fracture through targeted prevention strategies;

The measurement of lean mass in obesity is problematic owing to
scaling with body size [9], and it is also becoming increasingly appar-
ent that lean mass may not be the best surrogate of muscle mass [10].
Dynapenia, or low muscle strength, has been recommended in recent
reports and definitions of sarcopenia [11,12]. As muscle strength
reduces at a greater rate than muscle mass with age, and as this
reduction is only partially explained by muscle mass, the concept of
dynapenia has been identified as a distinct condition [13]. Dynapenic

abdominal obesity refers to the combination of low muscle strength
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DYNAPENIC OBESITY, FALLS, AND FRACTURES

ERWYIBE Obesity [

and obesity, which is estimated to affect 3.6% to 23.4% of older
adults [14-18]. Prevalence is higher in smaller studies [17,18] and is
approaching ~10% in large and population-based studies [14-16].
There is a bidirectional relationship between obesity and dynapenia:
obesity may exacerbate dynapenia (e.g., through secretion of proin-
flammatory cytokines), whereas dynapenia may exacerbate weight
gain with an impaired ability to undertake physical activity [19].

Independently, dynapenia and obesity are associated with a greater
risk of falls [20-22], with reports suggesting a synergistic effect on falls
risk [17,18,23]. Dynapenia is associated with a greater risk of all frac-
tures [24], whereas obesity is associated with site-specific fracture risk
[1-5] and greater BMD [5,6]. Limited studies have explored the inde-
pendent effects of dynapenia and obesity on BMD or fracture risk. A
recent systematic review [25] reported no difference in lumbar spine
BMD (eight studies included; total n = 9014) among groups with obesity
and sarcopenic obesity; the clinical significance of a statistically cl neck
BMD was unclear (six studies included; total n = 5608). It should be
noted that heterogenous definitions of sarcopenic obesity (low lean
mass, low muscle strength, and a combination of both) were included in
this review. In addition, the risk of nonvertebral fracture was similar in
people with sarcopenic or dynapenic obesity compared with people with
or without obesity, suggesting no cumulative effect. However, these two
studies and respective subgroups of people with sarcopenic obesity
(n = 100-128) were small [15,26], and nonvertebral fractures have het-
erogeneous risk factors and mechanisms, especially in obesity
(e.g., obesity increases ankle fracture risk but decreases hip fracture risk).

The aim of this study was to determine whether the fracture pat-
tern observed in women living with obesity is modulated by dynape-
nia. In order to address this aim, we examined the independent
effects of obesity and dynapenia on falls, BMD, and fracture risk.
Fractures were divided into lower extremity fractures (obesity-prone)
and all other fractures (largely obesity-protective). We hypothesized
that dynapenia increased the risk of lower extremity fractures and
counteracted the protective effects of obesity on all other fractures,
and we speculated that this may relate to differences in either falls
risk or BMD.

METHODS
Participants

A description of the UK Biobank has been published elsewhere [27].
Briefly, between 2006 and 2010, the UK Biobank recruited ~500,000
participants (5.5% response rate) aged 40 to 69 years from the general
UK population [27]. Participants attended 1 of 22 assessment centers
across the UK where they completed a touch-screen questionnaire and
an interview, underwent assessment of physical measures, and provided
biological samples [27]. The results presented here are from the imaging
visit, which began in 2014 and is ongoing. Recent comparison with
population-based studies suggests that risk factor associations in the UK
Biobank are generalizable [28]. Participants who were male (owing to
the low incidence of fractures; <3%); aged <60 years; had body mass

Study Importance
What is already known?

o People with obesity have a greater risk of fractures at the
ankle, lower leg, and proximal humerus but a lower risk of
other fractures; however, the mechanisms are unclear.

e Low muscle strength (dynapenia) is associated with a
greater risk of fracture.

e A recent systematic review found no cumulative effect of
obesity and dynapenia on nonvertebral fractures; how-
ever, this group of fractures has heterogeneous risk fac-

tors and mechanisms, especially in obesity.

What does this study add?

e Dynapenia, irrespective of bone mineral density, further
increases the risk of lower extremity (ankle and leg) frac-
tures in women with obesity.

e Dynapenia counteracts the lower risk of all other frac-

tures in women with obesity.

How might these results change the direction of
research or the focus of clinical practice?

e These findings highlight the independent risks of these
phenotypes (obesity and dynapenia) and contribute to
the understanding of the site-specific fracture risk in this
group.

e Clinically, these results highlight the importance of
increasing physical activity and exercise in weight man-

agement programs.

index (BMI) < 18.5 kg/m? (owing to the association between low BMI
and fracture risk and the low number of participants within this group);
or had missing data for BMI, waist circumference, handgrip strength
(HGS), or the question on prior falls were excluded. The UK Biobank
was approved by the North West Multicenter Research Ethics Commit-
tee, UK. Written informed consent was obtained prior to study entry. A
Strengthening the Reporting of Observational Studies in Epidemiology
(STROBE) checklist is included (Supporting Information Table S1) [29].

Measures
Falls and fractures

Participants were asked whether they had any falls in the last year.
Participants could respond that they had no falls, only one fall, or
more than one fall. Participants with one or more falls were classified
as “fallers,” and those with no falls or those who could not recall were

classified as “non-fallers.” Participants were asked whether they had
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DYNAPENIC OBESITY, FALLS, AND FRACTURES

fractured or broken any bones in the last 5 years. Participants were
subsequently asked whether the fracture had resulted from a fall
(i.e., from standing height). Participants who responded that the frac-
ture had resulted from a fall were classified as “injurers.” Participants
who responded that the fracture had not resulted from a fall or that
they did not know were excluded from the fracture analysis. Partici-
pants were asked to report the fractured bone site or sites (i.e., spine,
hip, wrist, leg, ankle, arm, or other bones). Based on previous literature
[1-5], fracture types were classified as follows: 1) lower extremity
(ankle, leg) fractures, sites that are “obesity-prone;” and 2) other frac-
tures (all other sites) or “obesity-protective.” Participants with ankle
or leg fractures were preferentially categorized into the lower extrem-
ity fracture group irrespective of whether other sites were fractured.

Covariates

Sociodemographic factors included age, self-reported diabetes,
alcohol status, and smoking status (prefer not to answer, never, pre-
vious, current). Individuals who preferred not to answer or did not
know were assumed to never have smoked (n = 75), to never have
had alcohol (n = 4), or to not have diabetes (n = 49). Weight was
measured using a Tanita BC-418 MA body composition analyzer
(Tanita Europe, Amsterdam, the Netherlands) without shoes and
heavy outer clothing. Height was measured using a Seca 202 height
measure (Seca, Hamburg, Germany). BMI was calculated as weight
(kilograms) divided by height (meters squared). Waist circumference
was measured at the level of the umbilicus using a Wessex non-
stretchable sprung tape. Maximal HGS was measured once on both
right and left hands using a Jamar JO0105 hydraulic hand dyna-
mometer (Lafayette Instrument Co., Lafayette, Indiana); the maxi-
mal measure from either hand was used in this analysis. The UK
Biobank protocol for data entry included computer-generated
warnings for implausible measurements. Dual-energy x-ray absorp-
tiometry was performed using a GE-Lunar iDXA (GE Healthcare,
Madison, Wisconsin). Ethnicity was identified from the available
baseline data of the UK Biobank because only 22% had this infor-
mation at the imaging visit. Owing to large numbers, ethnicity was
grouped as White (British, Irish, any other White background) or
other ethnic group (prefer not to answer; Asian or Asian British;
Chinese; other ethnic group; White and Black Caribbean; White
and Black African; White and Asian; any other mixed background;
Indian; Pakistani; any other Asian background; Caribbean; African;

and those with missing data).

Dynapenia and obesity

Dynapenia was defined as the lowest tertile of HGS (<21 kg). A tertile
approach was chosen, similar to others [15,16,30], owing to a lack of
consensus and to allow for an exploratory approach. Normal weight,
overweight, and obesity were classified according to consensus defini-
tions based on BMI [31].

O AAO - WILEYL 3

Statistical analysis

A 32 test was used for comparison among categorical variables. Com-
parison among more than two groups was conducted using either
one-way ANOVA with Tukey post hoc test or Kruskal-Wallis test
with Dunn post hoc test. Multiple logistic regression was used to
examine the association among measures of obesity, dynapenia, or
dynapenic obesity and self-reported falls in the past 12 months, lower
extremity fractures, and all other fractures in the past 5 years. Regres-
sion models were adjusted for age, measurement site, smoking status,
self-reported diabetes status, and alcohol status, with results
expressed as odds ratios (ORs). Additional adjustment included right
femoral neck BMD, HGS, or BMI. Physical activity (moderate activity
minutes per day) was initially considered as a confounder for both falls
and fractures, but adjustment did not alter results or conclusions, and
it was deemed that the analysis was more impaired by missing or
incomplete data for physical activity (n = 2791). Significance was
accepted at p < 0.05. Analysis was undertaken using Stata version
16.1 (StataCorp LLC, College Station, Texas).

Individual variable models

Measures of obesity and dynapenia were explored separately as con-
tinuous variables. For continuous measures of dynapenia or obesity,
z scores were calculated as an individual’s result minus the population

mean, divided by the population standard deviation.

Dynapenia by BMI category models

We included BMI categories divided by dynapenia status. There were
six subgroups: 1) individuals with normal weight and no dynapenia;
2) individuals with dynapenia only; 3) individuals with overweight and
without dynapenia; 4) individuals with overweight and dynapenia;
5) individuals with obesity only; and 6) individuals with dynapenic
obesity. The group with normal weight without dynapenia was used

as the reference group.

RESULTS
Baseline characteristics

Of the 17,175 women at the imaging visit aged 60 years or older,
participants who did not answer the question about prior falls
(n = 152); had a BMI < 18.5 kg/m? (n = 206; 2 of whom experi-
enced fractures from falls); or had incomplete measures for HGS
(n = 617), BMI (n = 51), or waist circumference (n = 2) were
excluded (Supporting Information Figure S1). A total of 16,147
women (aged 60-82 years) were included and categorized accord-
ing to dynapenia status (lowest tertile of HGS; <21 kg) and BMI cat-
egories (normal weight, overweight, or obesity; Table 1). BMI
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TABLE 1 Characteristics of participants according to BMI category and dynapenia status

Age (y), median (IQR)
BMI (kg/m?), median (IQR)
Waist circumference (cm), median (IQR)
HGS (kg), median (IQR)
Ethnicity, n (%)
White
Other ethnic group
BMD?, median (IQR)
L1-L4 BMD (g/cm?)
L1-L4 T score
RFN BMD (g/cm?)
RFN T score
Physical activity level, median (IQR)
Mod. activity (min/d)P
Mod. activity (d/wk)®
Falls, n (%)
More than one fall, n (%)
All fractures, n
Lower extremity, n
Other fractures, n
Diabetes, n (%)
Smokers, n (%)
Never
Previous
Current
Alcohol, n (%)
Never
Previous

Current

Normal weight (BMI = 18.5-24.9 kg/m?)

Obesity (BMI > 30 kg/m?)

Overweight (BMI = 25-29.9 kg/m?)

Normal strength,
n = 5279 (32.7%)

67 (7)
227 (2.5)
75 (10)
26 (6)

5191 (98)
88 (2)

1.04 (0.21)
—1.19 (1.76)
0.83(0.14)
-1.27 (1.19)

60 (60)

5(4)

1051 (19.91)
253 (4.79)
470

58

412

77 (1.46)

3462 (65.58)
1707 (32.34)
110 (2.08)

181 (3.43)
159 (3.01)
4939 (93.56)

Dynapenia,
n = 2252 (14%)

69 (8)
22.8(2.5)
75(9)
18 (4)

2182 (97)
70(2)

1.02 (0.21)
—1.31(1.78)
0.81(0.14)
—1.42(1.21)

60 (60)
5(4)

576 (25.58)
167 (7.41)
291

47

244
48(2.13)

1523 (67.63)
669 (29.71)
60 (2.66)

125 (5.55)
80 (3.55)
2047 (90.90)

Normal strength,
n=1812(11.2%)

66 (7)
32.9 (4.2)
99 (12)
26 (5)

1751 (97)
61(3)

1.19 (0.25)
0.04 (2.05)
0.93(0.17)
—0.44 (1.43)

40 (40)
4(4)

465 (25.66)
141 (7.78)
152

42

110

185 (10.21)

1091 (60.21)
683 (36.69)
38(2.10)

103 (5.68)
73(4.03)
1636 (90.29)

Dynapenia,
n =985 (6.1%)

68 (8)
32.6(4.1)
99 (12)
18 (4)

961 (97)
24 (3)

1.16 (0.25)
—0.15 (2.10)
0.90 (0.16)
—0.71 (1.37)

45 (40)
3(3)

294 (29.85)
86(8.73)
114

31

83

119 (12.08)

619 (62.84)
344 (34.92)
22 (2.23)

67 (6.80)
63 (6.40)
855 (86.80)

Normal strength,
n = 3941 (24.4%)

67 (8)
27.0(2.3)
86 (10)
26 (5)

3857 (98)
84 (2)

1.11(0.23)
—0.56 (1.89)
0.88 (0.16)
—0.88(1.31)

60 (50)
4(3)

887 (22.51)
238 (6.04)
361

85

276

150 (3.81)

2484 (63.03)
1361 (34.53)
96 (2.44)

153 (3.88)
132 (3.35)
3656 (92.77)

Dynapenia,
n = 1878 (11.6%)

69 (8)
27.1(2.5)
86 (10)
18 (4)

1823 (97)
56 (3)

1.09 (0.23)
—0.72 (1.93)
0.86 (0.15)
—1.03 (1.28)

60 (60)
4(5)

520 (27.69)
177 (9.42)
184

41

143

111 (5.91)

1218 (64.86)
626 (33.33)
34 (1.81)

121 (6.44)
84 (4.47)
1673 (89.08)

Abbreviations: BMD, bone mineral density; HGS, handgrip strength; Mod., moderate; RFN, right femoral neck.

#Missing measurements for L1-L4 BMD: n = 3439; L1-L4 T score: n = 3445; RFN BMD: n = 3271; and RFN T score: n = 3278.
PA total of 1334 participants did not know/answer this question, and 2357 participants had missing measurements.
€578 participants did not know/answer this question.
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DYNAPENIC OBESITY, FALLS, AND FRACTURES

ranged from 18.5 to 69.6 kg/m?. Participants with dynapenia were
older than their counterparts in the same BMI category (p < 0.001).
BMI, waist circumference, and physical activity (minutes per day)
were similar between participants with or without dynapenia in the
same BMI category. Participants with dynapenic obesity (p < 0.05)
and dynapenic overweight (p < 0.01) had lower BMD and T scores
than counterparts in the same BMI category. Participants with nor-
mal weight and dynapenia had similar L1-L4 BMD (p = 0.052) and
T scores (p = 0.053) but lower femoral neck BMD and T scores
(p < 0.001). However, differences were not clinically relevant (<5%
or <0.5 T score) [32]. The proportion of fallers increased with both
dynapenia and obesity status (p < 0.001).

Falls and fractures

A total of 3793 (23.5%) women fell, of whom 1062 reported more
than one fall. Across all BMI categories, dynapenia appeared to

Dynapenia by BMI categories - Falls

G OR
Predictor: . —
Normal BMI/Normal HGS 1.00 (referent)
Normal BMI/Low HGS — 1.31(1.17, 1.48)

—
Obese BMI/Normal HGS 1.37(1.20, 1.55)
e
Obese BMI/Low HGS 1.62 (1.38,1.89)
—o—
Overweight BMI/Normal HGS 1.15 (1.04, 1.28)
——
Overweight BMI/Low HGS 1.44 (1.27,1.63)
0.0 0.5 1.0 15 20

FIGURE 1 Association between dynapenia by BMI categories
and falls risk. Adjusted for age, measurement center, smoking status,
self-reported “diabetes” status and alcohol status. *p > 0.05. HGS,
handgrip strength; OR, odds ratio

Ol AAO - WILEYL °

increase the risk of falling (Figure 1). In the past 5 years, 577 women
reported a fracture from causes other than a fall and were excluded
from the fracture analysis. Therefore, 1413 of 15,570 (9.1%) eligible
women reported a fracture due to a fall. The proportion of injurers
according to BMI and HGS tertile is presented in Table 2. Injurers
were classified as lower extremity (n = 295; 1.9%) or other fractures
(n = 1118; 7.2%). Of the 295 lower extremity injurers, 58 (19.6%)
women also reported other fractures (spine, arm, wrist, other bones),
and 9 (3%) reported both ankle and leg fractures. In total, 1572 frac-
tures were recorded. The most frequently reported fractures were
“other bones” (577; 37%), followed by wrist (461; 29%) and ankle
(230; 15%).

Association between falls, fractures, and measures of
muscle strength and obesity

The association between measures of obesity and dynapenia as con-
tinuous variables and falls, lower extremity fractures, and all other
fracture risk are shown in Table 3. In a multivariable model, obesity, as
determined either by greater BMI (OR 1.12; 95% confidence interval
[CI]: 1.08-1.16) or waist circumference (OR 1.14; 95% Cl: 1.09-1.18),
and lower HGS (OR 0.86; 95% Cl: 0.83-0.90) had independent effects
on falls risk.

Obesity or dynapenia as continuous variables, irrespective of
BMD, were associated with a greater risk of lower extremity fractures,
with evidence of an independent effect of both obesity and dynapenia
(Table 3). In contrast, obesity was protective of all other fractures,
whereas low HGS appeared to be associated with a greater risk. These
findings remained when analyzed according to BMI category, with an
increased risk of lower extremity fracture and lower risk of other frac-
tures in people with overweight or obesity (Tables S2 and S3). Media-
tion analyses showed that BMI and HGS as z scores partially mediate
each other (direct and indirect effects p < 0.05) in their associations

with both lower extremity or other fracture risk.

TABLE 2 Proportion of participants classified by both tertiles of HGS and BMI who were identified as being in the all other fractures or lower

extremity fractures groups

All other fractures

HGS tertile Normal weight, n (%)
High (226 kg) 191 (6.95)
Medium (21-25.9 kg) 178 (7.68)
Low (0-20.9 kg) 202 (9.41)

HGS tertile

High (226 kg)
Medium (21-25.9 kg)
Low (0-20.9 kg)

Lower extremity fractures

Obesity, n (%) Overweight, n (%)

45 (4.74) 142 (6.70)
55(6.77) 106 (6.22)
75(7.81) 124 (6.84)

Normal weight, n (%)
27 (0.98)
31(1.13)
41 (1.49)

Obesity, n (%) Overweight, n (%)

25 (2.63) 39 (1.84)
17 (2.09) 44 (2.58)
30(3.13) 41(2.26)

Abbreviations: HGS, handgrip strength.

ASUADIT SUOWWO)) dANELAI) d[qearjdde ayy Aq pauraaoS are sa[dnIe () 1asn Jo so[ni 10§ KIeIqry auruQ A3[IAL UO (SUONIPUOD-PUB-SULID}/ WO’ KA[Im ATeIqI[ouT[uo//:sd)y) SUONIPUO) pue SULIDL, Y} 33§ *[720T/21/12] uo Areiqry auruQ L[ip 1591 £q 609€7°£q0/2001°01/10p/wod" Aoim  KreIqroutjuo//:sdny woiy papeofumo( ‘0 ‘X6£L0E61



DYNAPENIC OBESITY, FALLS, AND FRACTURES

SRRV Obesity [ 1

TABLE 3 Associations, expressed as ORs, among z scores of BMI, waist circumference, HGS, and falls (lower extremity fractures and all other

fractures)
Falls Lower extremity fractures All other fractures
OR 95% ClI p OR 95% ClI p OR 95% ClI p
Model 1
BMI 1.12 1.08-1.16 0.000 1.25 1.13-1.39 0.000 0.91 0.85-0.97 0.005
Waist circumference 1.14 1.10-1.18 0.000 1.27 1.14-1.42 0.000 0.96 0.90-1.02 0.190
HGS 0.86 0.83-0.89 0.000 0.86 0.76-0.97 0.015 0.90 0.84-0.96 0.002
Model 1 + HGS z scores
BMI 1.12 1.08-1.16 0.000 1.25 1.12-1.38 0.000 0.91 0.85-0.97 0.004
Waist circumference 1.14 1.09-1.18 0.000 1.27 1.13-1.41 0.000 0.96 0.90-1.02 0.168
HGS* 0.86 0.83-0.90 0.000 0.87 0.77-0.98 0.023 0.90 0.84-0.96 0.001
Model 1 + RFN BMD
BMI - - - 1.30 1.15-1.46 0.000 0.98 0.91-1.06 0.584
Waist circumference - - - 1.33 1.17-1.52 0.000 1.02 0.95-1.10 0.601
HGS - - - 0.84 0.74-0.97 0.014 0.92 0.86-0.99 0.033

Note: Z score for HGS = 5.71 kg; BMI = 4.56 kg/m?; and waist circumference = 11.57 cm. Model 1: adjusted for age, measurement center, diabetes

status, smoking status, and alcohol status.

Abbreviations: BMD, bone mineral density; HGS, handgrip strength; OR, odds ratio; RFN, right femoral neck.

p < 0.05 are in bold.
?HGS = Model 1 + BMI z scores.

Association between fractures and dynapenia
according to BMI category

Compared with the group with normal weight, overweight and obesity
were associated with a greater risk of lower extremity fractures
(Figure 2A), with the greatest risk estimate seen in people with obe-
sity (OR 2.08; 95% Cl: 1.39-3.11) or with dynapenic obesity (OR 2.78;
95% Cl: 1.77-4.37). The risk of lower extremity fracture among indi-
viduals with both normal weight and dynapenia was also greater than
those with normal weight alone (OR 1.69; 95% Cl: 1.12-2.54). These
findings support our continuous analysis whereby obesity and dyna-
penia appear to have individual and independent negative associa-
tions with lower extremity fracture.

Findings from the categorical analysis of BMI and dynapenia
(Figure 2B) confirm our continuous analysis (Table 3) that BMI
within the obesity category was protective of all other fractures
(OR 0.77; 95% Cl: 0.61-0.96), but this effect was negated by the
presence of low HGS in which fracture risk was similar to that of
the group with normal weight (OR 1.06; 95% Cl: 0.82-1.38). Partici-
pants who had overweight with (OR 0.90; 95% Cl: 0.73-1.12) or
without dynapenia (OR 0.88; 95% Cl: 0.74-1.04) had a similar risk
of all other fractures to women with normal weight. However, indi-
viduals with normal BMI and dynapenia had a greater risk of all
other fractures (OR 1.29; 95% Cl: 1.07-1.55) than those who had
normal weight with normal strength. Owing to the large BMI range
within this study, additional categorical analysis excluding partici-
pants with BMI 2 40 kg/m? (n = 188) found similar findings for
both lower extremity and other fractures (Supporting Information
Figure S2).

DISCUSSION

In this large, cross-sectional, retrospective study of women (aged
60-82 years), we have demonstrated the independent effects of obe-
sity and dynapenia on risk of falls. We have shown that dynapenia
confers an increased risk of all types of fractures. In contrast, the
effects of obesity on fracture risk are site-specific. Lower extremity
fracture risk is increased with both obesity (whether measured using
BMI or waist circumference) and dynapenia, irrespective of BMD. For
all other fractures (wrist, arm, spine, hip, other bones), obesity is asso-
ciated with a reduced risk of fracture, except when accompanied by
dynapenia.

A recent systematic review has shown that individuals with “sar-
copenic obesity” (obesity with reduced muscle mass or strength) have
a similar risk of nonvertebral fractures to individuals with obesity
alone [25], thereby suggesting that there is no cumulative effect of
sarcopenia on fracture risk. However, the available studies were rela-
tively small, containing small subgroups [15,26] and failing to consider
the site-specific nature of fractures in people with obesity. Our find-
ings are particularly novel because we have used a large cohort and
recognized the site-specific fracture risk in people living with obesity.
Our results reinforce the evidence regarding the site-specific nature
of fractures in people with obesity, with their greater risk of sustaining
ankle or leg fractures [1-3] but a reduced risk of other fractures
[2,4,5]. However, our findings of the interaction between obesity and
dynapenia on fracture risk are novel, namely that obesity increases
the risk of lower extremity fractures (ankle, leg) and that dynapenia
negates the positive effect of obesity on other fracture risk (wrist,

arm, hip, spine, other bones). Consideration of both body weight and
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(A) Dynapenia by BMI categories - Lower Extremity Fractures

Predictor: OR

(95% CI)

Normal BMI/Normal HGS 4 1.00 (referent)

Normal BMI/Low HGS b ® 1.69 (1.12, 2.54)

Obese BMI/Normal HGS . 2.08 (1.39,3.11)

Obese BMI/Low HGS @ 278 (1.77,4.37)
.

Overweight BMI/Normal HGS 1.89 (1.35, 2.65)
Overweight BMI/Low HGS : ® 1.94 (1.28,2.92)
0.0 0.5 1.0 1.5 2.0 2.5 3.0 3.5 4.0 4.5

(B) Dynapenia by BMI categories - All Other Fractures

Predictor: OR

(95% CI)
Normal BMI/Normal HGS » 1.00 (referent)
Normal BMI/Low HGS — 129 (1.03,. 1.55)

N
Obese BMI/Normal HGS 0.77(0.61, 0.96)
Obese BMI/Low HGS — 1016 (552, L35
@1
Overweight BMI/Normal HGS 0.88 (0.74, 1.04)*
Overweight BMI/Low HGS [ 0.90(0.73, 1.12)*
0.0 0.5 1.0 1.5 2.0

FIGURE 2 Association among (A) lower extremity or (B) all other fractures by dynapenia and obesity status. Adjusted for age, measurement
center, smoking status, self-reported “diabetes” status, and alcohol status. *p > 0.05. HGS, handgrip strength; OR, odds ratio

muscle strength are clearly relevant for determining and stratifying fall
and fracture risk.

It is unclear the mechanism by which dynapenia may negate the
protective effect of obesity on risk of other fractures. BMD is a well-
acknowledged risk factor for fracture [32]; however, measurement of
BMD is problematic in people with obesity because of confounding
by body mass and bone size [33]. However, other quantitative com-
puted tomography methods also support higher BMD, denser corti-
ces, and increased trabecular thickness and number in people with
obesity [7]. Comparison was made between groups with obesity and
dynapenic obesity who would both be subject to the same measure-
ment artifact, and, similar to previous studies [34,35], BMD was
reduced in the group with dynapenic obesity, although the difference
was small and unlikely to translate into a clinically significant

difference in fracture risk [32]. The pathophysiology of dynapenia is
multifactorial and can result from malnutrition, reduced physical activ-
ity, or comorbid disease [19]; therefore, it is possible that these fac-
tors may also contribute to the negating effect of dynapenia, although
we were unable to consider these in our analysis. Our findings tenta-
tively suggest that the greater risk of fracture may relate to the cumu-
lative falls risk observed, bearing in mind the differing recall period of
both outcomes in the UK Biobank.

The majority of fractures result from falls from a standing height
[36]. Separately, obesity and dynapenia are associated with a greater
risk of falls [20-22], with growing evidence of a cumulative effect on
falls risk, greater than from either phenotype alone [17,18,23]. Our
findings support the notion of a greater impact or more injurious fall

type in people with obesity [37]. Biomechanically, abdominal obesity
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is associated with an anterior shift in the center of mass requiring
greater torque for stabilization [38]. Moreover, reduced soft tissue
padding at the lower extremities, in combination with a high impact
fall, may render these sites more liable to fracture in obesity [1]. Our
findings are similar to those of Nielson et al. [39] who demonstrated
that obesity was associated with greater risk of lower extremity frac-
ture in 5995 older men (mean follow-up of 7 years), but, in contrast
with our results, the effect of obesity was attenuated by reduced
physical performance and prior fracture history. Objective measures
of lower limb performance were not available in the UK Biobank, and,
as such, it requires further consideration as to whether other physical
performance measures, especially of the lower extremities, may better
relate to lower extremity fractures in women.

Our findings have important clinical implications suggesting that
lifestyle interventions that target low muscle strength (either prevent-
ing or improving dynapenia), either alone or with measures to reduce
excess body weight, could reduce both the risk of falls and fractures
in women. Although evidence in younger adults suggests that modest
weight reduction achieves greater benefits in balance [40,41], findings
in older adults with obesity have shown that weight loss alone exacer-
bates dynapenia [42]. Furthermore, weight loss without concomitant
resistance or weight-bearing exercise can result in loss of BMD, par-
ticularly around the hip [43,44], thereby potentially counteracting the
reduction in fracture risk derived from a lesser falls risk. Notwith-
standing, achieving a healthy weight is a public health priority consid-
ering the association of obesity with multiple chronic conditions/
comorbidities (e.g., type 2 diabetes, cardiovascular disease, cancer)
[31] in addition to falls and fractures risk. Indeed, the greatest gains in
physical performance were derived from combined dietary and physi-
cal activity interventions [45], further highlighting the relevance of
increasing physical activity and functional measurements, particularly
of muscle strength, in weight management programs.

The limitations of this study must be acknowledged. First, we
were unable to validate the occurrence of fractures because Interna-
tional Classification of Diseases codes were only available for those
who were admitted to hospital. Therefore, it is possible that partici-
pants may have misclassified or underreported (e.g., spine) their (self-
reported) fracture sites. Moreover, individuals with lower extremity
fractures also had other fractures; therefore, this may have affected
associations. Second, this was a retrospective study, and the infer-
ences drawn should be viewed with caution because dynapenia or
obesity may have occurred secondary to a fall or a fracture rather
than being a driving pathophysiological factor. Longitudinal analysis
was not feasible owing to either an inadequate sample size at both
visits or variability in baseline measurement collection time
(5-14 years) prior to the outcome (previous 5 years). Third, HGS is a
surrogate measure of lower limb strength [13] but can be affected by
other factors such as nutrition. Next, we could not replicate this pre-
sent analysis in male individuals because of the low prevalence of
fractures in this group; therefore, further work is required to confirm
these findings in male individuals. Finally, the limitations of the UK
Biobank in relation to generalizability must be considered, which

include its low response rate, limited ethnic diversity, lower overall

prevalence of overweight and obesity than the UK population, and
potential healthy volunteer bias (e.g., lower rates of diabetes, narrow
socioeconomic backgrounds). However, strengths of the UK Biobank
include its significant sample size and the detailed phenotyping avail-
able, with evidence supporting the notion that risk factor associations
may be generalizable [28].

We have demonstrated that obesity and dynapenia have inde-
pendent effects on falls risk, but the relationship among obesity,
dynapenia, and fracture risk is anatomically site-specific. Dynapenia
negates the protective effects of obesity on fractures of the wrist,
arm, hip, spine, and other bones, suggesting that greater falls risk or
other risk factors, rather than differences in BMD, may explain the
negative effect of dynapenia. In contrast, both obesity and dynape-
nia are associated with a greater risk of lower extremity fractures,
independently of BMD, suggesting fall type or fall force may be a
mediating factor. These findings require validation in prospective
analysis and in men but they may have important clinical implica-
tions relating to risk identification and prevention of falls and frac-

tures in a growing population living with overweight and obesity.O

ACKNOWLEDGMENTS
This research has been conducted using the UK Biobank Resource

under application number 65223.

FUNDING INFORMATION

This work was supported by a studentship from the Medical Research
Council (MRC) and Versus Arthritis as part of the MRC Versus Arthri-
tis Centre for Integrated Research into Musculoskeletal Ageing
(CIMA; MR/R502182/1). The MRC Versus Arthritis Centre for Inte-
grated Research into Musculoskeletal is a collaboration among the

universities of Liverpool, Sheffield, and Newcastle.

CONFLICT OF INTEREST

The authors declared no conflict of interest.

ORCID
Lisa Dowling
Daniel J. Cuthbertson

https://orcid.org/0000-0002-8332-358X
https://orcid.org/0000-0002-6128-0822

REFERENCES

1. Compston JE, Watts NB, Chapurlat R, et al. Obesity is not protective
against fracture in postmenopausal women: GLOW. Am J Med. 2011;
124:1043-1050.

2. Prieto-Alhambra D, Premaor MO, Fina Avilés F, et al. The associa-
tion between fracture and obesity is site-dependent: a population-
based study in postmenopausal women. J Bone Miner Res 2012;27:
294-300.

3. Johansson H, Kanis JA, Odén A, et al. A meta-analysis of the associa-
tion of fracture risk and body mass index in women. J Bone Miner Res
2014;29:223-233.

4. Premaor MO, Compston JE, Fina Avilés F, et al. The association
between fracture site and obesity in men: a population-based cohort
study. J Bone Miner Res 2013;28:1771-1777.

5. Premaor MO, Pilbrow L, Tonkin C, Parker RA, Compston J. Obesity
and fractures in postmenopausal women. J Bone Miner Res. 2010;25:
292-297.

ASUADIT SUOWWO)) dANELAI) d[qearjdde ayy Aq pauraaoS are sa[dnIe () 1asn Jo so[ni 10§ KIeIqry auruQ A3[IAL UO (SUONIPUOD-PUB-SULID}/ WO’ KA[Im ATeIqI[ouT[uo//:sd)y) SUONIPUO) pue SULIDL, Y} 33§ *[720T/21/12] uo Areiqry auruQ L[ip 1591 £q 609€7°£q0/2001°01/10p/wod" Aoim  KreIqroutjuo//:sdny woiy papeofumo( ‘0 ‘X6£L0E61



DYNAPENIC OBESITY, FALLS, AND FRACTURES

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

Beck TJ, Petit MA, Wu G, LeBoff MS, Cauley JA, Chen Z. Does obe-
sity really make the femur stronger? BMD, geometry, and fracture
incidence in the women's health initiative-observational study.
J Bone Miner Res. 2009;24:1369-1379.

Evans AL, Paggiosi MA, Eastell R, Walsh JS. Bone density, micro-
structure and strength in obese and normal weight men and women
in younger and older adulthood. J Bone Miner Res. 2015;30:920-928.
Public Health England. Falls and Fracture Consensus Statement: Sup-
porting Commissioning for Prevention. Public Health England; 2017.
Linge J, Heymsfield SB, Dahlqvist Leinhard O. On the definition of
sarcopenia in the presence of aging and obesity-initial results from
UK Biobank. J Gerontol A Biol Sci Med Sci. 2020;75:1309-13-
1309-16.

Cawthon PM, Orwoll ES, Peters KE, et al. Strong relation between
muscle mass determined by D3-creatine dilution, physical perfor-
mance, and incidence of falls and mobility limitations in a prospec-
tive cohort of older men. J Gerontol A Biol Sci Med Sci. 2019;74:
844-852.

Bhasin S, Travison TG, Manini TM, et al. Sarcopenia definition: the
position statements of the sarcopenia definition and outcomes con-
sortium. J Am Geriatr Soc. 2020;68:1410-1418.

Cruz-Jentoft AJ, Bahat G, Bauer J, et al. Sarcopenia: revised
European consensus on definition and diagnosis. Age Ageing 2019;
48:16-31.

Manini TM, Clark BC. Dynapenia and aging: an update. J Gerontol A
Biol Sci Med Sci. 2012;67:28-40.

Alexandre TDS, Scholes S, Ferreira Santos JL, Duarte YAO, de
Oliveira C. The combination of dynapenia and abdominal obesity as a
risk factor for worse trajectories of IADL disability among older
adults. Clin Nutr. 2018;37:2045-2053.

Scott D, Chandrasekara SD, Laslett LL, Cicuttini F, Ebeling PR, Jones G.
Associations of sarcopenic obesity and dynapenic obesity with bone
mineral density and incident fractures over 5-10 years in community-
dwelling older adults. Calcif Tissue Int. 2016;99:30-42.

Rossi AP, Bianchi L, Volpato S, et al. Dynapenic abdominal obesity as
a predictor of worsening disability, hospitalization, and mortality in
older adults: results from the INCHIANTI study. J Gerontol A Biol Sci
Med Sci 2017;72:1098-1104.

Pereira JC, de Moraes EJ, Neri SGR, Gadelha AB, Lemos RR,
Lima RM. Dynapenic abdominal obesity as a risk factor for falls in
older women. Top Geriatr Rehabil. 2019;35:149-155.

Gadelha AB, Neri SGR, Vainshelboim B, Ferreira AP, Lima RM. Dyna-
penic abdominal obesity and the incidence of falls in older women: a
prospective study. Aging Clin Exp Res. 2020;32:1263-1270.

Batsis JA, Villareal DT. Sarcopenic obesity in older adults: aetiology,
epidemiology and treatment strategies. Nat Rev Endocrinol. 2018;14:
513-5-513-37.

Moreland JD, Richardson JA, Goldsmith CH, Clase CM. Muscle
weakness and falls in older adults: a systematic review and meta-
analysis. J Am Geriatr Soc. 2004;52:1121-1129.

Karlsson MK, Ribom E, Nilsson JA, et al. Inferior physical perfor-
mance tests in 10,998 men in the MrOS study is associated with
recurrent falls. Age Ageing. 2012;41:740-74-740-76.

Himes CL, Reynolds SL. Effect of obesity on falls, injury, and disabil-
ity. J Am Geriatr Soc. 2012;60:124-129.

de Oliveira Maximo R, Santos JLF, Perracini MR, et al. Abdominal
obesity, dynapenia and dynapenic-abdominal obesity as factors asso-
ciated with falls. Braz J Phys Ther. 2019;23:497-505.

Harvey NC, Odén A, Orwoll E, et al. Measures of physical perfor-
mance and muscle strength as predictors of fracture risk indepen-
dent of FRAX, falls, and aBMD: a meta-analysis of the osteoporotic
fractures in men (MrOS) study. J Bone Miner Res. 2018;33:2150-215-
2150-217.

Gandham A, Mesinovic J, Jansons P, et al. Falls, fractures, and areal
bone mineral density in older adults with sarcopenic obesity: a

26.

27.

28.

29.

30.

31

32.

33.
34.

35.

36.

37.

38.

39.

40.

41.

42.

O AAO - WILEYL *

systematic review and meta-analysis. Obes Rev 2021;22:e13187. doi:
10.1111/0br.13187

Scott D, Seibel M, Cumming R, et al. Sarcopenic obesity and its tem-
poral associations with changes in bone mineral density, incident
falls, and fractures in older men: the Concord Health and Ageing in
Men Project. J Bone Miner Res. 2017;32:575-583.

Sudlow C, Gallacher J, Allen N, et al. UK Biobank: an open access
resource for identifying the causes of a wide range of complex dis-
eases of middle and old age. PLoS Med. 2015;12:€1001779. doi:10.
1371/journal.pmed.1001779

Batty GD, Gale CR, Kivimaki M, Deary 1J, Bell S. Comparison of risk
factor associations in UK Biobank against representative, general
population based studies with conventional response rates: prospec-
tive cohort study and individual participant meta-analysis. BMJ 2020;
368:m131 doi:10.1136/bmj.m131.

Von Elm E, Altman DG, Egger M, Pocock SJ, Ggtzsche PC,
Vandenbroucke JP. The Strengthening the Reporting of Observa-
tional Studies in Epidemiology (STROBE) statement: guidelines for
reporting observational studies. Bull World Health Organ. 2007;85:
867-872.

Cuthbertson DJ, Bell JA, Ng SY, Kemp GJ, Kivimaki M, Hamer M.
Dynapenic obesity and the risk of incident type 2 diabetes: the
English Longitudinal Study of Ageing. Diabet Med. 2016;33:1052-
1059.

National Institute for Health and Care Excellence. Obesity: identifica-
tion, assessment and management. NICE Guideline CG189. Published
November 27 2014. Accessed December 2020. https://www.nice.
org.uk/guidance/cg189/resources/obesity-identification-assessment-
and-management-pdf-35109821097925

Johnell O, Kanis JA, Oden A, et al. Predictive value of BMD for hip
and other fractures. J Bone Miner Res. 2005;20:1185-1194.

Reid IR. Fat and bone. Arch Biochem Biophys. 2010;503:20-27.
Buehring B, Hansen KE, Lewis BL, et al. Dysmobility syndrome inde-
pendently increases fracture risk in the osteoporotic fractures in men
(MrQS) prospective cohort study. J Bone Miner Res. 2018;33:1622-
1629.

Cawthon PM, Blackwell TL, Cauley J, et al. Evaluation of the useful-
ness of consensus definitions of sarcopenia in older men: results
from the observational osteoporotic fractures in men cohort study.
J Am Geriatr Soc. 2015;63:2247-2259.

Morrison A, Fan T, Sen SS, Weisenfluh L. Epidemiology of falls and
osteoporotic fractures: a systematic review. Clinicoecon Outcomes
Res. 2013;5:9.

Bouxsein ML, Szulc P, Munoz F, Thrall E, Sornay-Rendu E,
Delmas PD. Contribution of trochanteric soft tissues to fall force
estimates, the factor of risk, and prediction of hip fracture risk.
J Bone Miner Res. 2007;22:825-831.

Corbeil P, Simoneau M, Rancourt D, Tremblay A, Teasdale N.
Increased risk for falling associated with obesity: mathematical
modeling of postural control. IEEE Trans Neural Syst Rehabil Eng.
2001;9:126-136.

Nielson CM, Marshall LM, Adams AL, et al. BMI and fracture risk in
older men: the osteoporotic fractures in men study (MrOS). J Bone
Miner Res. 2011;26:496-502.

Matrangola SL, Madigan ML. Relative effects of weight loss and
strength training on balance recovery. Med Sci Sports Exerc. 2009;41:
1488-1493.

Handrigan G, Hue O, Simoneau M, et al. Weight loss and muscular
strength affect static balance control. Int J Obes (Lond). 2010;34:
936-942.

Santanasto AJ, Glynn NW, Newman MA, et al. Impact of weight loss
on physical function with changes in strength, muscle mass, and mus-
cle fat infiltration in overweight to moderately obese older adults: a
randomized clinical trial. J Obes 2011;2011:516576 do0i:10.1155/
2011/516576.

ASUADIT SUOWWO)) dANELAI) d[qearjdde ayy Aq pauraaoS are sa[dnIe () 1asn Jo so[ni 10§ KIeIqry auruQ A3[IAL UO (SUONIPUOD-PUB-SULID}/ WO’ KA[Im ATeIqI[ouT[uo//:sd)y) SUONIPUO) pue SULIDL, Y} 33§ *[720T/21/12] uo Areiqry auruQ L[ip 1591 £q 609€7°£q0/2001°01/10p/wod" Aoim  KreIqroutjuo//:sdny woiy papeofumo( ‘0 ‘X6£L0E61



AW IR Obesity (o

43.

a4,

45.

DYNAPENIC OBESITY, FALLS, AND FRACTURES

Ensrud KE, Ewing SK, Stone KL, et al. Intentional and unintentional
weight loss increase bone loss and hip fracture risk in older women.
J Am Geriatr Soc 2003;51:1740-1747.

Armamento-Villareal R, Aguirre L, Waters DL, Napoli N, Qualls C,
Villareal DT. Effect of aerobic or resistance exercise, or both, on
bone mineral density and bone metabolism in obese older adults
while dieting: a randomized controlled trial. J Bone Miner Res. 2020;
35:430-439.

Villareal DT, Chode S, Parimi N, et al. Weight loss, exercise, or both
and physical function in obese older adults. N Engl J Med. 2011;364:
1218-1229.

SUPPORTING INFORMATION
Additional supporting information can be found online in the Support-

ing Information section at the end of this article.

How to cite this article: Dowling L, Cuthbertson DJ, Walsh JS.
Reduced muscle strength (dynapenia) in women with obesity
confers a greater risk of falls and fractures in the UK Biobank.
Obesity (Silver Spring). 2022;1-10. doi:10.1002/0by.23609

ASUADIT SUOWWO)) dANELAI) d[qearjdde ayy Aq pauraaoS are sa[dnIe () 1asn Jo so[ni 10§ KIeIqry auruQ A3[IAL UO (SUONIPUOD-PUB-SULID}/ WO’ KA[Im ATeIqI[ouT[uo//:sd)y) SUONIPUO) pue SULIDL, Y} 33§ *[720T/21/12] uo Areiqry auruQ L[ip 1591 £q 609€7°£q0/2001°01/10p/wod" Aoim  KreIqroutjuo//:sdny woiy papeofumo( ‘0 ‘X6£L0E61



	Reduced muscle strength (dynapenia) in women with obesity confers a greater risk of falls and fractures in the UK Biobank
	INTRODUCTION
	METHODS
	Participants
	Measures
	Falls and fractures


	What is already known?
	What does this study add?
	How might these results change the direction of research or the focus of clinical practice?
	Outline placeholder
	Covariates
	Dynapenia and obesity

	Statistical analysis
	Individual variable models
	Dynapenia by BMI category models


	RESULTS
	Baseline characteristics
	Falls and fractures
	Association between falls, fractures, and measures of muscle strength and obesity
	Association between fractures and dynapenia according to BMI category

	DISCUSSION
	ACKNOWLEDGMENTS
	FUNDING INFORMATION
	CONFLICT OF INTEREST
	REFERENCES


