
Muscle density discriminates hip fracture better than
computed tomography X-ray absorptiometry hip areal
bone mineral density

Ling Wang1†, Lu Yin2†, Yue Zhao1, Yongbin Su1, Wei Sun3, Yandong Liu1, Minghui Yang4, Aihong Yu1, Glen Mervyn Blake5,
Xiaoguang Cheng1* , Xinbao Wu4*, Annegreet Veldhuis6,7 & Klaus Engelke8

1Department of Radiology, Beijing Jishuitan Hospital, Beijing, China, 2Medical Research & Biometrics Center, National Center for Cardiovascular Disease, Beijing, China,
3Xinjiekou Community Health Service Center, Beijing, China, 4Department of Traumatic Orthopedics, Beijing Jishuitan Hospital, Beijing, China, 5School of Biomedical
Engineering & Imaging Sciences, King’s College London, St Thomas’ Hospital, London, UK, 6Leiden University Medical Center, Department of Internal Medicine, Division of
Endocrinology, Center for Bone Quality, Leiden University Medical Center, Leiden, The Netherlands, 7Department of Internal Medicine, Jan van Goyen Medical Center,
Amsterdam, The Netherlands, 8Department of Medicine 3, FAU University Erlangen–Nürnberg and Universitätsklinikum Erlangen, Erlangen, Germany

Abstract

Background Muscle weakness is a key factor in the increase risk of falls and might also play a significant role in the increase
of risk of hip fracture. Computed tomography-measured muscle size and muscle density are well-established imaging bio-
markers used in studies of physical function, frailty or cancer, but limited to hip fracture. In particular, it is warranted to have
a better understanding of the performance of muscle size and density in the discrimination of acute hip fractures. We also aim
to determine age-related differences of muscle size and density in healthy controls and hip fracture patients.
Methods Four hundred thirty-eight low-energy acute hip fracture cases and 316 healthy controls from the China Action on
Spine and Hip Status study were included in the study. Muscle cross-sectional area and density were measured for the gluteus
maximus and gluteus medius and minimus. Areal bone mineral density (aBMD) of the femoral neck and total hip was mea-
sured. Using propensity score matching, we generated three samples with cases and controls matched for age, body mass in-
dex, and gender: femoral neck fracture (FNF), intertrochanteric fracture (ITF), and any hip fracture vs. controls, respectively.
Results Handgrip strength, gluteus muscle area and density, and bone parameters of the matched hip fracture groups were
lower than those of the correspondence control groups, respectively (P< 0.05). The univariate analysis showed that associations
of aBMD with FNF and with ITF were significantly weaker than associations between fracture and muscle parameters. Gluteus
medius and minimus muscle density showed the highest areas under the curve (AUC) with FNF (0.88, 95% confidence interval,
0.85–0.92) and trochanteric fracture (0.95, 95% confidence interval, 0.92–0.97). Themodel including all muscle and bone param-
eters provided the highest AUC (FNF: AUC 0.912; ITF: AUC 0.958), and AUC results of another selected model without muscle
density showed that association with fracture significantly dropped (FNF: AUC 0.755; ITF: AUC 0.858). Separate results for the
two age groups younger and older than 70 years showed no age-related significant differences in discriminate models.
Conclusions Muscle density performs better than aBMD from hip computed tomography X-ray absorptiometry and muscle
size in discrimination of hip fracture. Combination of aBMD and muscle density provided the best discrimination. The integra-
tion of muscle assessments may trigger a paradigm shift in hip fracture prediction. Gluteus muscle density should also be eval-
uated as treatment outcome.
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Introduction

Hip fractures (HFs) in the elderly are often referred to as ‘The
Last Fracture of Life’, with a high degree of morbidity, mortal-
ity, and disability.1 Therefore, it is important to identify sub-
jects with a high HF risk to start preventive actions as soon
as possible. Areal bone mineral density (aBMD) determined
by dual-energy X-ray absorptiometry (DXA) is an established
parameter for the diagnosis of osteoporosis and the predic-
tion of HF risk. However, predictive capabilities of aBMD for
HF are moderate.2–4 Three-dimensional (3D) distribution of
bone mineral density (BMD) and geometrical parameters
such as cortical thickness measured by quantitative com-
puted tomography (CT) have not substantially improved HF
prediction.5 With the development of computed tomography
X-ray absorptiometry (CTXA), two-dimensional aBMD of the
proximal femur can be derived from a 3D CT dataset. CTXA
aBMD values of the total femur and femoral neck (FN) are
equivalent to DXA aBMD values and can be used to calculate
T-scores according to the World Health Organization defini-
tion of osteoporosis.6

Apart from a decrease of bone strength, muscle weakness
might also play a significant role in the increase of risk of HF.
Falls are common in the elderly, and almost all osteoporotic
HFs are associated with falls. The risk of falls is multifactorial,
but muscle weakness is a key factor in the increase risk of
falls.7–10 Reduction in muscle performance is associated with
the loss of skeletal muscle mass.11 However, substantial de-
creases in skeletal muscle function with ageing can occur with
only minimal loss of skeletal muscle mass.12,13 The interde-
pendence may be partially related to the presence of fatty in-
filtration, which is one aspect of muscle quality. The
assessment of muscle quality may be more important than
the quantification of muscle mass. One aspect of muscle qual-
ity, namely, muscle density measured by CT as mean attenu-
ation of skeletal muscle in Hounsfield units (HU), has already
been widely used in research studies to assess muscle
quality.14

Computed tomography-measured muscle size
[cross-sectional area (CSA)] and muscle density (mean HU)
of the abdomen and mid-thigh muscle bundle are
well-established measurements parameters used in studies
of physical function, frailty, or cancer.14–16 However, only a
few studies targeted the relationship of hip muscle character-
istics with HF.17–19 In particular, it is warranted to have a bet-
ter understanding of the performance of muscle size and
density in the discrimination of acute HFs.

The main aim of this study is to explore the value of muscle
parameters for the discrimination of acute HFs. For this pur-
pose, we used data from the China Action on Spine and Hip
Status study including acute low-energy HFs cases and
healthy controls. We also aim to determine age-related dif-
ferences of muscle size and density in healthy controls and
HF patients. We hypothesize that HF patients have lower

muscle density than age-matched controls, and muscle den-
sity performs better than bone variables and muscle size in
discriminating HFs.

Methods

Study design

China Action on Spine and Hip Status is a study to determine
prevalence of osteoporotic fracture, osteoporosis, and osteo-
arthritis in an elderly Chinese population using quantitative
CT and/or DXA.20 The present subanalysis used CT scans from
subjects obtained immediately after fragility HF and CT scans
obtained from number of matched subjects without HFs. In
this cross-sectional case–control analysis, we investigated
and compared the gluteal muscle size and CT density for
the discrimination of HF.

Participants

A total of 918 subjects with suspected HFs, admitted to the
Beijing Jishuitan Hospital emergency department of ortho-
paedic trauma between January 2012 and May 2016, were
recruited for this study. In this institution, CT scans are per-
formed routinely for subjects with suspected or already con-
firmed HFs. Based on the CT images, fractures were
categorized into FN fracture (FNF) or trochanteric fracture
by an experienced musculoskeletal radiologist (Y. S.). A
one-page questionnaire inquiring demographic data (e.g.
age, gender, height, and weight), details of the fall (when,
how, and where), fracture history, and medical history was
completed by the patients or their relatives after the CT ex-
amination. Three hundred and sixteen community-dwelling
subjects without HF of at least 60 years and in good health
were recruited as controls from the neighbourhood of Beijing
Jishuitan Hospital (Figure 1).

Inclusion and exclusion criteria of the HF patients were
similar to those described by Su et al.21 In brief, only fully am-
bulatory, community-dwelling Chinese Han adults with an HF
resulting from low-energy injury were included. Thus, only
falls from standing or sitting height were considered as cause
for HF. In addition, CT had to be taken within 48 h after injury
in order to minimize changes in aBMD and body composition
due to bed rest after fracture. Subjects with prior and with bi-
lateral HFs or inability to stand or walk before the event of HF
were excluded.

Exclusion criteria of the control subjects were inability to
sit and stand independently or inability to walk with or with-
out an assistive device. Further exclusion criteria for both
groups were stroke, neurological disorders, metabolic dis-
eases, rheumatic diseases, heart failure, severe chronic
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obstructive pulmonary disease and coagulation disorders,
and other diseases that limited function.

The study was approved by the ethics committee of Beijing
Jishuitan Hospital. Informed consent was obtained from each
participant.

Computed tomography acquisition

Spiral CT imaging of the hip was performed for all study par-
ticipants using two Toshiba Aquilion CT scanners (Toshiba
Medical Systems Division, Tokyo, Japan). Scans were acquired
in supine position from the top of the acetabulum to 3 cm be-
low the lesser trochanter and included both legs. Scan param-
eters were 120 kVp, 125 mAs, 50 cm field of view, 512 × 512
matrix, 1 mm reconstructed slice thickness, and a standard
reconstruction kernel with filtered back-projection.

Muscle density assessments

Cross-sectional area and density were measured of the glu-
teus maximus (G.max) at the level of the greater trochanter
and of the gluteus medius and minimus (G.med/min) muscle
at the level of the third sacral (S3) (Figure 2). In subjects with
HF, the non-fractured hip was analysed. In 97 participants,
the CT scan did not cover the S3 level; therefore, G.med/

min muscle density and area were measured at S4 or S5
levels, only. Supporting Information, Table S1 shows that
there was no significant difference (0.8 HU) in muscle density
between the S3 and non-S3 levels. Difference in muscle area
between the S3 and non-S3 levels was not significant either;
however, the absolute difference of about 4.1 cm2 accounted
for a bias of up to 10% compared with the mean area value at
the S3 level. For this reason, we did not include G.med/min
muscle CSA in the analysis.

OsiriX software (Lite Version 10.0.2, Pixmeo, Geneva,
Switzerland) was used for analysis. Muscle segmentation
was performed manually using the ‘pencil’ tool to outline
muscle contours. Within the resulting muscle regions of inter-
est, a threshold of�29 HU was used to distinguish muscle tis-
sue from fat. All muscle measurements were performed by
the same investigator (Y. Z.) who had received training by
an expert radiologist in CT muscle imaging prior to the analy-
sis. For practice purposes, a sample of about 20 images had
been analysed together with the expert prior to the begin-
ning of the measurement study.

Muscle strength assessments

Handgrip strength of the dominant hand was measured using
a Jamar dynamometer (Jamar®, Los Angeles, CA, USA). Details
of measuring grip strength were reported previously.22

Figure 1 Flow chart of participant selection for the study. *Subjects with diseases potentially affecting bone metabolism, or having received treat-
ments with potential or known effects on bone metabolism. Details are as follows: malignant tumours (n = 30); paralysis due to cerebrovascular ac-
cident (n = 35); the poor healed lower extremity fracture, avascular necrosis, or hip dysplasia (n = 23); bone metastases (n = 3); proximal femur
osteochondroma (n = 1); lumbar fractures or proximal humerus fractures occurred within the last 3 months (n = 6); recently staying in bed due to
acute pancreatitis (n = 2); ovariectomy (n = 2); medical usage of glucocorticoid hormone or Cushing’s syndrome (n = 6); elevated parathyroid hor-
mone level (n = 1); rheumatoid arthritis (n = 22); psoriasis (n = 2); severe renal insufficiency (n = 2); and myasthenia gravis (n = 1). CASH, China
Action on Spine and Hip Status.
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Bone mineral density

Areal BMD (g/cm2) of the FN and total hip (TH) was calcu-
lated from the hip CT scans using the CTXA technique (Ver-
sion 4.2.3, Mindways Inc).23 The Medical Image Analysis
Framework option Femur (MIAF Femur Version 7.1.0MRH)
was used to measure 3D FN cortical thickness (FN
CortThick).20

Statistical analysis

Study participants were categorized as healthy controls, with
an FNF, or with an intertrochanteric fracture (ITF). The two
fracture groups were also combined as any HF group. Contin-
uous variables are presented as mean ± standard deviation.
Categorical variables are described as counts and correspond-
ing percentages.

In order to minimize the between-group selection bias and
to control for potential confounding factors, including age,
gender, and body mass index (BMI), propensity score
matching (PSM) was applied to match subjects for the follow-
ing analyses: (i) subjects with FNF vs. control subjects; (ii) sub-
jects with ITF vs. control subjects; and (iii) subjects with any
HF vs. control subjects.

Mean differences between two groups each were analysed
using the Mann–Whitney U test. Three different multivariable
subsets were used for independent binary logistic regression
models to calculate odds ratios of fracture per standard devi-
ation increase: (i) the muscle model included G.max muscle
CSA and density and G.med/min muscle density; (ii) the
BMD model included TH aBMD and FN aBMD; and (iii) the
bone structure model included FN CortThick. Results of the
muscle strength model, which included handgrip strength,
are not shown because of the low number of only 66 HF

patients. Receiver operating characteristic (ROC) curve analy-
ses were applied, and area under the curve (AUC) values with
95% confidence intervals (CIs) were used as performance
characteristics. The Hosmer–Lemeshow tests were used to
evaluate model robustness by calculating the Pearson χ2 sta-
tistic from the table of observed and expected frequencies.
Results are not significant if models fit well. Four selected lo-
gistic regression models were used to determine best variable
subsets for fracture discrimination: (i) G.max muscle CSA and
density, G.med/min muscle density, and FN aBMD; (ii) G.max
muscle density, G.med/min muscle density, and FN aBMD;
(iii) G.med/min muscle density and FN aBMD; and (iv) G.
max muscle CSA and FN aBMD. One-degree-of-freedom tests
were used to compare the latter three ROC curves with the
first selected model. All statistical analyses were conducted
using SAS 9.4 (SAS Institute Inc., Cary, NC, USA).

Results

Study sample characteristics

Figure 1 illustrates the recruitment of study participants. Fif-
teen participants (from 316) were excluded from the control
group: eight because of invalid handgrip strength measure-
ments and seven because of missing CT scans or inadequate
image quality (i.e. motion artefacts). Of the 301 control par-
ticipants, 107 were male and 194 female. After the review
of the questionnaire, of medical records, and of the CT im-
ages, 480 cases of the 918 low trauma HF patients were ex-
cluded. After exclusion, the study cohort included 739
participants: 301 non-fracture controls, 258 subjects with
FNF, and 180 subjects with ITF. Characteristics of the study
cohort are shown in Table 1. The HF patients were older

Figure 2 (A) Measurement of cross-sectional area and mean computed tomography values of the gluteus maximus muscle at the level of the greater
trochanter of the femur. (B) Measurement of the gluteus medius and minimus muscle at the third sacral level. Muscle region is represented by the area
highlighted in green.

1802 L. Wang et al.

Journal of Cachexia, Sarcopenia and Muscle 2020; 11: 1799–1812
DOI: 10.1002/jcsm.12616



Ta
b
le

1
C
h
ar
ac
te
ri
st
ic
s
o
f
st
u
dy

p
ar
ti
ci
p
an
ts

C
ha

ra
ct
er
is
ti
cs

U
nm

at
ch

ed
po

pu
la
ti
on

[m
ea

n
±

SD
or

%
(n
)]

M
ea

n
di
ff
er
en

ce
a

P
va
lu
eb

H
C

(n
=

30
1)

(1
)

FN
F

(n
=

25
8)

(2
)

IT
F

(n
=

18
0)

(3
)

H
F

(n
=

43
8)

(4
)

(2
)
vs
.(
1)

(3
)
vs
.(
1)

(4
)
vs
.(
1)

(2
)
vs
.(
1)

(3
)
vs
.(
1)

(4
)
vs
.(
1)

M
al
e
ge

nd
er
,%

(n
)

35
.6

(1
07

)
20

.9
(5
4)

25
.6

(4
6)

22
.8

(1
00

)
n/
a

n/
a

n/
a

n/
a

n/
a

n/
a

A
ge

(y
ea

rs
)

68
.4

±
6.
1

74
.0

±
10

.0
78

.5
±

8.
6

75
.8

±
9.
7

5.
6
(7
.6
)

10
.1

(1
2.
9)

7.
5
(9
.8
)

<
0.
01

<
0.
01

<
0.
01

W
ei
gh

t
(k
g)

66
.8

±
10

.0
60

.2
±

10
.7

61
.1

±
12

.0
60

.6
±

11
.3

�6
.6

(�
11

.0
)

�5
.7

(�
9.
3)

�6
.2

(�
10

.3
)

<
0.
01

<
0.
01

<
0.
01

H
ei
gh

t
(c
m
)

16
2.
5
±

7.
5

16
1.
6
±

7.
4

16
0.
9
±

8.
6

16
1.
3
±

7.
9

�0
.9

(�
0.
5)

�1
.5

(�
0.
9)

�1
.1

(�
0.
7)

0.
14

0.
01

0.
02

BM
I(
kg

/c
m

2
)

25
.2

±
2.
9

22
.9

±
3.
4

23
.6

±
4.
1

23
.2

±
3.
7

�2
.3

(�
10

.0
)

�1
.7

(�
7.
1)

�2
.0

(�
8.
8)

<
0.
01

<
0.
01

<
0.
01

H
an

dg
rip

(k
g)

25
.6

±
8.
5

14
.3

±
9.
6

11
.9

±
9.
7

13
.1

±
9.
7

�1
1.
3
(�

79
.0
)

�1
3.
7
(�

11
4.
4)

�1
2.
5
(�

95
.5
)

<
0.
01

<
0.
01

<
0.
01

G
.M

ax
M

ar
ea

(c
m

2
)

39
.4

±
7.
4

31
.8

±
7.
1

29
.7

±
7.
4

31
.0

±
7.
3

�7
.5

(�
23

.7
)

�9
.6

(�
32

.3
)

�8
.4

(�
27

.1
)

<
0.
01

<
0.
01

<
0.
01

G
.M

ax
M

de
ns
it
y
(H
U
)

33
.5

±
6.
6

25
.1

±
7.
0

21
.9

±
7.
3

23
.8

±
7.
3

�8
.4

(�
33

.5
)

�1
1.
6
(�

52
.9
)

�9
.7

(�
40

.8
)

<
0.
01

<
0.
01

<
0.
01

G
.M

ed
/M

in
M

de
ns
it
y
(H
U
)

42
.4

±
4.
4

31
.9

±
6.
4

29
.4

±
5.
8

30
.9

±
6.
3

�1
0.
5
(�

32
.8
)

�1
2.
9
(�

43
.9
)

�1
1.
5
(�

37
.2
)

<
0.
01

<
0.
01

<
0.
01

SB
P
(m

m
H
g)

12
6.
5
±

8.
6

14
4.
2
±

19
.4

14
5.
4
±

22
.8

14
4.
8
±

20
.8

17
.7

(1
2.
3)

18
.9

(1
3.
0)

18
.2

(1
2.
6)

<
0.
01

<
0.
01

<
0.
01

D
BP

(m
m
H
g)

74
.1

±
7.
6

74
.5

±
18

.2
75

.6
±

13
.7

75
.0

±
16

.4
0.
4
(0
.6
)

1.
5
(2
.0
)

0.
9
(1
.2
)

0.
11

0.
30

0.
09

TH
aB

M
D
(g
/c
m

2
)

0.
8
±

0.
2

0.
6
±

0.
1

0.
6
±

0.
1

0.
6
±

0.
1

�0
.2

(�
31

.6
)

�0
.2

(�
45

.4
)

�0
.2

(�
36

.9
)

<
0.
01

<
0.
01

<
0.
01

FN
aB

M
D
(g
/c
m

2
)

0.
7
±

0.
1

0.
5
±

0.
1

0.
5
±

0.
1

0.
5
±

0.
1

�0
.2

(�
32

.9
)

�0
.2

(�
42

.9
)

�0
.2

(�
36

.8
)

<
0.
01

<
0.
01

<
0.
01

FN
C
or
tT
hi
ck

(m
m
)

1.
8
±

0.
3

1.
7
±

0.
3

1.
7
±

0.
3

1.
7
±

0.
3

�0
.2

(�
11

.0
)

�0
.2

(�
9.
9)

�0
.2

(�
10

.5
)

<
0.
01

<
0.
01

<
0.
01

BM
I,
bo

dy
m
as
s
in
de

x;
D
BP

,d
ia
st
ol
ic
bl
oo

d
pr
es
su
re
;F

N
aB

M
D
,f
em

or
al

ne
ck

ar
ea

lb
on

e
m
in
er
al

de
ns
it
y;

FN
C
or
tT
hi
ck
,c
or
ti
ca
lt
hi
ck
ne

ss
of

fe
m
or
al

ne
ck
;F

N
F,

fe
m
or
al

ne
ck

fr
ac
tu
re
;G

.
M
ax
M
,g

lu
te
us

m
ax
im

us
m
us
cl
e;

G
.M

ed
/M

in
M
,g

lu
te
us

m
ed

iu
s
an

d
m
in
im

us
m
us
cl
e;

H
C
,h

ea
lt
hy

co
nt
ro
l;
H
F,

an
y
hi
p
fr
ac
tu
re
;H

U
,H

ou
ns
fi
el
d
un

it
s;
IT
F,
in
te
rt
ro
ch

an
te
ric

fr
ac
tu
re
;S

BP
,

sy
st
ol
ic

bl
oo

d
pr
es
su
re
;S

D
,s
ta
nd

ar
d
de

vi
at
io
n;

TH
aB

M
D
,t
ot
al

hi
p
ar
ea

lb
on

e
m
in
er
al

de
ns
it
y.

a D
at
a
in

pa
re
nt
he

se
s
ar
e
pe

rc
en

ta
ge

m
ea

n
di
ff
er
en

ce
s.

b
P
va
lu
es

w
er
e
ob

ta
in
ed

fo
r
fr
ac
tu
re

ri
sk

us
in
g
tw

o-
sa
m
pl
e
W
ilc
ox

on
te
st
s
fo
r
co

nt
in
uo

us
va
ri
ab

le
s.

Muscle density discriminates hip fracture better than CTXA hip areal bone mineral density 1803

Journal of Cachexia, Sarcopenia and Muscle 2020; 11: 1799–1812
DOI: 10.1002/jcsm.12616



and had higher systolic blood pressure, lower BMI, lower
handgrip strength, lower gluteus muscle CSA and density,
lower aBMD in TH and FN regions, and lower cortical thick-
ness of FN.

After PSM using age, gender, and BMI, 159 FNF cases were
matched with 159 controls and 101 ITF cases with 101 con-
trols (Table 2). Two hundred three cases with any HF were
matched with 203 controls. The HF group was further divided
in a younger group (age<70 years) consisting of 100 HF cases
matched with 115 controls and an older group (age
≥70 years) consisting of 103 HF cases and 88 controls
(Table 3).

Handgrip strength, gluteus muscle area and density, and
bone parameters of the matched HF groups were lower than
those of the correspondence control groups, respectively
(P < 0.05).

Relationship between muscle parameters and age

To explore the age-related TH fracture risk discrimination, we
therefore stratified the analyses by age (age cut point
70 years). Figure 3 shows of G.med/min muscle density and
G.max muscle density and CSA stratified for the two age
ranges below and above 70 years. For all three muscle param-
eters, variables were significantly different between the two
age groups, with the exception of G.max muscle CSA in con-
trol group (P = 0.278). Interestingly in HF group, G.max mus-
cle CSA differed by 13% between the two age groups.
However, the age-related difference in G.max muscle CSA

was numerically lower than the corresponding difference of
18% of G.max muscle density.

Associations of muscle and bone parameters with
hip fracture

Table 4 shows the associations of G.max muscle CSA and den-
sity, G.med/min muscle density, FN and TH aBMD, and FN
CortThick with HF after matching for age, BMI, and gender
by PSM. Figure 4 shows ROC curves for bone and muscle var-
iables shown in Table 4. The univariate analysis showed that
associations of aBMD with FN and with trochanteric fracture
were significantly weaker than associations between fracture
and muscle density parameters. G.med/min muscle density
showed the highest AUC with FNF (0.88; 95% CI, 0.85–0.92)
and trochanteric fracture (0.95; 95% CI, 0.92–0.97). Associa-
tion with fracture was significantly higher than for G.max
muscle area (FNF: P < 0.0001; ITF: P < 0.0001) and for FN
aBMD (FNF: P = 0.008; IFT: P < 0.0001). AUC values of multi-
variate bone and muscle models (Table 3) were almost iden-
tical to those of FN aBMD and G.med/min muscle density,
respectively. In contrast, the AUC value of FN cortical thick-
ness (Table 3) was rather low (FNF: 0.62; ITF: 0.70).

Association with fracture was also determined for four se-
lected models (Models 1–4) combining bone and muscle pa-
rameters. Numerically, the highest AUC values were
obtained for Model 1 (FNF: AUC 0.912; ITF: AUC 0.958), but
AUC values for selected Model 2 (FNF: AUC 0.908; ITF: AUC
0.957) and Model 3 (FNF: AUC 0.902; ITF: AUC 0.956) were
not dominantly lower (Model 2 vs. Model 1: FNF: P = 0.417;

Table 2 Characteristics of matched participants using propensity score in FNF, ITF, and HC groups

Characteristics
[mean ± SD or % (n)]

Matched population

Mean
differencea

P
valueb

Matched population

Mean
differencea

P
valueb

HC
(n = 159)

FNF
(n = 159)

HC
(n = 101)

ITF
(n = 101)

Male gender, % (n) 23.3 (37) 26.4 (42) n/a n/a 39.6 (40) 28.7 (29) n/a n/a
Age (years) 69.9 ± 6.3 69.8 ± 9.4 �0.1 (�0.2) 0.8 73.2 ± 6.8 73.6 ± 6.0 0.4 (0.5) 0.8
Weight (kg) 64.4 ± 10.8 64.5 ± 9.5 0.1 (0.1) 0.8 64.9 ± 8.8 64.4 ± 11.1 �0.5 (�0.7) 0.8
Height (cm) 161.0 ± 7.4 163.1 ± 7.5 2.2 (1.3) 0.01 162.1 ± 7.7 162.2 ± 8.6 0.1 (0.1) 0.8
BMI (kg/cm2) 24.8 ± 3.1 24.2 ± 3.0 �0.6 (�2.3) 0.1 24.7 ± 2.7 24.5 ± 4.05 �0.2 (�0.6) 0.7
Handgrip (kg) 23.7 ± 7.9 16.6 ± 9.6 �7.1 (�42.8) <0.01 24.9 ± 9.0 15.4 ± 10.3 �9.6 (�62.2) <0.01
G.MaxM area (cm2) 37.1 ± 6.9 34.0 ± 7.0 �3.1 (�9.1) <0.01 38.8 ± 7.4 31.8 ± 7.2 �7.1 (�22.2) <0.01
G.MaxM density (HU) 32.5 ± 6.4 26.0 ± 6.9 �6.5 (�24.9) <0.01 33.1 ± 6.3 22.7 ± 7.9 �10.4 (�45.9) <0.01
G.Med/MinM density (HU) 41.6 ± 4.5 33.0 ± 6.1 �8.3 (�25.1) <0.01 41.1 ± 4.6 30.5 ± 5.3 �10.6 (�34.9) <0.01
SBP (mmHg) 126.9 ± 8.9 143.1 ± 20.3 16.2 (11.4) <0.01 128.0 ± 7.8 146.7 ± 21.5 18.7 (12.7) <0.01
DBP (mmHg) 74.0 ± 8.6 72.7 ± 20.0 �1.3 (�1.8) 0.7 75.1 ± 7.1 79.7 ± 11.8 4.6 (5.8) 0.03
TH aBMD (g/cm2) 0.8 ± 0.12 0.6 ± 0.1 �0.1 (�19.8) <0.01 0.8 ± 0.2 0.6 ± 0.1 �0.2 (�34.5) <0.01
FN aBMD (g/cm2) 0.7 ± 0.1 0.5 ± 0.1 �0.1 (�21.5) <0.01 0.7 ± 0.1 0.5 ± 0.09 �0.2 (�33.1) <0.01
FN CortThick (mm) 1.8 ± 0.3 1.7 ± 0.3 �0.1 (�8.6) <0.01 1.9 ± 0.3 1.7 ± 0.3 �0.2 (�12.6) <0.01

BMI, body mass index; DBP, diastolic blood pressure; FN aBMD, femoral neck areal bone mineral density; FN CortThick, cortical thickness
of femoral neck; FNF, femoral neck fracture; G.MaxM, gluteus maximus muscle; G.Med/MinM, gluteus medius and minimus muscle; HC,
healthy control; HU, Hounsfield units; ITF, intertrochanteric fracture; SBP, systolic blood pressure; SD, standard deviation; TH aBMD, total
hip areal bone mineral density.
aData in parentheses are percentage mean differences.
bP values were obtained for fracture risk using two-sample Wilcoxon tests for continuous variables.
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ITF: P = 0.149; Model 3 vs. Model 1: FNF: P = 0.115; ITF:
P = 0.551). AUC results of Model 4 (FNF: AUC 0.755; ITF:
AUC 0.858) showed that association with fracture signifi-
cantly dropped when not including muscle density (Model 4
vs. Model 1: FNF: P < 0.001; ITF: P < 0.001). AUC values
for Model 1 were higher than for the other three models in

any HF (Model 2: P = 0.311; Model 3: P = 0.132; and Model
4: P < 0.001).

For all multivariate and selected models, AUC values for any
type of HFwere in between those of FNF and trochanteric frac-
ture. Separate results for the two age groups younger and
older than 70 years were only performed for the any fracture

Figure 3 Gluteus muscle area and density by age groups in control and fracture groups. G.MaxM, gluteus maximus muscle; G.Med/MinM, gluteus
medius and minimus muscle; HU, Hounsfield units.
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due to the limited number of participants’ age differentiation
(Table 5). AUC values of multivariate models were numerically
higher in the younger age group with the exception of Model
4, but none of the differences were statistically significant.

Results for handgrip strength and a corresponding muscle
strength model are not shown in Tables 4 and 5, because in
the HF group, handgrip measurements were available only
from 66 subjects. Using these limited numbers, AUC results
for a muscle strength model to discriminate fracture were
as follows: HF: AUC 0.751, P for Hosmer–Lemeshow
test = 0.53; ITF: AUC 0.722, P = 0.58; and FNF: AUC 0.706,
P = 0.02. For age stratified, AUC results for any HF were as fol-
lows: age <70 years: AUC 0.771, P = 0.49, and age >70 years:
AUC 0.714, P = 0.16.

Discussions

Based on the analysis of 739 participant of the large China Ac-
tion on Spine and Hip Status case–control cohort, our study
demonstrates that CT muscle density is higher associated
with acute HF than muscle size or aBMD measured by CTXA
of the hip. To our knowledge, this is the largest CT study so
far that demonstrated an important contribution of muscle
characteristic to HF discrimination. In addition, the relevance
of muscle size vs. muscle density for HF discrimination has
not been addressed so far.

Muscle density as determined by CT is measured as X-ray
attenuation of muscle reported as CT value in HU. Elevated
levels of intramuscular fat accumulation24 reduce CT muscle
density but do not affect muscle area. Thus, muscle area is in-
sensitive to intramuscular fat accumulation, which is an im-
portant cause of age-related muscle degradation.25–27

However, in the vast majority of imaging studies targeting
muscle, muscle area, not density, was obtained as a primary
outcome.14,16 An abundance of previous research has shown
that fatty infiltration of muscle gradually increases with age.26

A study of the spine showed that muscle density profoundly
declined with age (�17% per decade in women and �11%
in men).28 In another longitudinal study of trunk muscle with
6 year follow-up, a 20–30% decline of lumber muscles density
was observed.29 Age-related decreases in muscle density
were also reported from several studies. In the AGES
Reykjavik Study, quadriceps muscle density decreased by
about 12.5% between 65 and 85 years.30 Several
cross-sectional or longitudinal studies of the Health ABC pro-
ject also confirmed decreases of thigh muscle density or in-
creases of thigh muscle fatty infiltration with age.12,24,31

Another study32 found that fat content of the hip muscles
remained relatively stable between 20 and 50 years of age
and then increased with age. Further, the increase in fat con-
tent with age in individuals over 50 years of age was greater
for the gluteal muscles than for the other hip muscles. There-
fore, we believe that changes in muscle density precede HF
and may be a long-term predictor of frailty leading to HF.Ta
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Of course, under certain circumstances, for example, treat-
ment with corticosteroids, there may be an additional, rapid
increase in fatty infiltration leading to progressive frailty
shortening the time to HF.

In agreement with the three basic studies cited earlier,25–
27 our results confirm that with respect to HF discrimination,
muscle density is the more important parameter than muscle
area. This is in particular obvious when comparing Models 3
and 4. The combination of aBMD with muscle area resulted
in the same AUC value as the BMD model alone, while the

combination of aBMD with G.med/min muscle density signif-
icantly improved HF discrimination. The G.med/min muscle,
referred to as the ‘rotator cuff of the hip’, plays an important
role in gait stability.18 It inserts on the greater trochanter of
the femur and serves as major abductors and rotators of
the hip during normal gait for maintenance of balance.33,34

A recent study also found a significant correlation of smaller
gluteus muscle with higher loads during daily activities like
stair climbing and sit-down/stand-up from a chair or walking
for patients after TH arthroplasty.35 Therefore, ageing of the

Figure 4 Receiver operating characteristic curves for muscle and bone parameters in propensity score-matched population: (A) femoral neck fracture,
(B) intertrochanteric fracture, and (C) any hip fracture. CI, confidence interval; FN aBMD, femoral neck areal bone mineral density; G.MaxM, gluteus
maximus muscle; G.Med/MinM, gluteus medius and minimus muscle.
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gluteus muscle may lead to walking impairments and
fall-related fractures.

Our emphasis of the importance of muscle density was fur-
ther supported by the separate analysis of the two age
groups. Muscle density was significantly lower at older age,
in both the control participants and the HF patients, while
in the control participants, muscle area did not change be-
tween the two age groups. In the control group, muscle deg-
radation by fatty infiltration did not result in muscle atrophy;
this combined effect was only observed in patients with acute
HF.

In data from the Health ABC Study, Lang et al. showed that
mid-thigh muscle CSA and density predicted fracture risk af-
ter adjustment for age, height, BMI, and some additional co-
variates, but only muscle density remained after an additional
adjustment for DXA aBMD.36 In a case–control study based

on a Chinese female population, Lang et al.17 showed that
subjects with HFs had lower hip muscle density and lower
muscle CSA values compared with controls, similar to our re-
sults. However, Lang et al. did not observe gluteus maximus
muscle (extensor muscle) density differences between HF pa-
tients and controls. The discordance of Lang study to our
study results might be due to a small sample size (45 HFs)
and a slightly different muscle level of the measurement. In
the EEFECT study, Mühlberg et al. found that the amount of
adipose tissue and the distribution of the adipocytes in the
muscles of the upper thigh were significantly associated with
acute HF (AUC, 0.85; 95% CI: 0.78, 0.93). Muscle area did not
discriminate HF, and muscle density became insignificant af-
ter adjustment for age height and weight.19 But again, the
sample size was small (40 HFs) and the location of the
analysed muscles differed from the current study.

Table 5 ORs of any fracture risk per SD increase in PS-matched population by age group

Model/variables

<70 years old (N = 215) ≥70 years old (N = 191)

ORs (95% CIs) P value ORs (95% CIs) P value

Univariate muscle parameters
G.MaxM area (cm2) 0.66 (0.50, 0.87) <0.01 0.49 (0.35, 0.69) <0.01
G.MaxM density (HU) 0.36 (0.25, 0.53) <0.01 0.25 (0.17, 0.39) <0.01
G.Med/MinM density (HU) 0.07 (0.03, 0.14) <0.01 0.06 (0.02, 0.13) <0.01

Multivariate muscle model
G.MaxM area (cm2) 1.05 (0.68, 1.60) 0.84 0.91 (0.56, 1.5) 0.72
G.MaxM density (HU) 2.45 (1.23, 4.88) 0.01 1.07 (0.55, 2.08) 0.85
G.Med/MinM density (HU) 0.03 (0.01, 0.09) <0.01 0.05 (0.02, 0.16) <0.01
AUC (95% CIs), P valuea 0.917 (0.879, 0.954), 0.12 0.904 (0.861, 0.947), 0.64

Univariate BMD variables
TH aBMD (g/cm2) 0.22 (0.14, 0.36) <0.01 0.32 (0.21, 0.48) <0.01
FN aBMD (g/cm2) 0.22 (0.14, 0.34) <0.01 0.27 (0.17, 0.41) <0.01

Multivariate BMD model
TH aBMD (g/cm2) 0.63 (0.29, 1.40) 0.25 0.77 (0.40, 1.51) 0.45
FN aBMD (g/cm2) 0.31 (0.15, 0.66) <0.01 0.33 (0.16, 0.66) <0.01
AUC (95% CIs), P valuea 0.806 (0.748, 0.864), 0.31 0.788 (0.723, 0.853), 0.52

Bone structure model
FN CortThick (mm) 0.59 (0.43, 0.81) <0.01 0.53 (0.36, 0.78) <0.01
AUC (95% CIs), P valuea 0.589 (0.510, 0.668), 0.01 0.658 (0.577, 0.74), 0.09

Selected Model 1
G.MaxM area (cm2) 1.69 (1.01, 2.82) 0.04 1.22 (0.68, 2.17) 0.51
G.MaxM density (HU) 2.59 (1.20, 5.58) 0.02 1.02 (0.50, 2.08) 0.95
G.Med/MinM density (HU) 0.03 (0.01, 0.09) <0.01 0.07 (0.02, 0.20) <0.01
FN aBMD (g/cm2) 0.17 (0.08, 0.36) <0.01 0.40 (0.22, 0.75) <0.01
AUC (95% CIs), P valuea 0.946 (0.918, 0.974), 0.18 0.923 (0.884, 0.961), 0.29

Selected Model 2
G.MaxM density (HU) 2.76 (1.29, 5.91) 0.01 1.07 (0.53, 2.16) 0.85
G.Med/MinM density (HU) 0.03 (0.01, 0.09) <0.01 0.07 (0.02, 0.21) <0.01
FN aBMD (g/cm2) 0.22 (0.11, 0.43) <0.01 0.44 (0.25, 0.77) <0.01
AUC (95% CIs), P valuea 0.943 (0.915, 0.971), 0.88 0.923 (0.884, 0.961), 0.53

Selected Model 3
G.Med/MinM density (HU) 0.07 (0.03, 0.15) <0.01 0.07 (0.03, 0.18) <0.01
FN aBMD (g/cm2) 0.23 (0.12, 0.44) <0.01 0.44 (0.25, 0.77) <0.01
AUC (95% CIs), P valuea 0.934 (0.904, 0.964), 0.27 0.923 (0.884, 0.961), 0.58

Selected Model 4
G.MaxM area (cm2) 1.13 (0.80, 1.58) 0.50 0.72 (0.48, 1.09) 0.12
FN aBMD (g/cm2) 0.20 (0.12, 0.33) <0.01 0.30 (0.19, 0.47) <0.01
AUC (95% CIs), P valuea 0.801 (0.742, 0.861), 0.55 0.802 (0.738, 0.865), 0.65

AUC, area under curve; BMD, bone mineral density; CIs, confidence intervals; FN aBMD, femoral neck areal bone mineral density; FN
CortThick, cortical thickness of femoral neck; G.MaxM, gluteus maximus muscle; G.Med/MinM, gluteus medius and minimus muscle;
HU, Hounsfield units; ORs, odds ratios; PS, propensity score; SD, standard deviation; TH aBMD, total hip areal bone mineral density.
aP values were obtained using the Hosmer–Lemeshow tests. P > 0.05 indicates that the null hypothesis (observed event rates match ex-
pected event rates in subgroups of the model population) is not rejected.
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A strength of our study was the rather large number of in-
cluded subjects. Controls and fractured cases could be
matched with respect to age, gender, and BMI independently
for FNF, trochanteric fracture, and all HFs as well as for the
two age groups. In contrast to other studies, it was not neces-
sary to use age, gender, and BMI as covariates or adjustments
in the multivariate analyses. Another strength was that pa-
tients with incident HFs were scanned within 48 h, which
would mostly minimize fracture-related changes of bone and
muscle tissues, apart from oedema around the fractured hip.

A major limitation of the study was the cross-sectional de-
sign, limiting the analysis to evaluation associations with HF
instead of HF prediction. Another limitation was the muscle
assessments, which were based on the single slice instead
of a full 3D analysis of the complete muscles. Further, a more
advanced muscle analysis as performed in the EFFECT was be-
yond the scope of this study because it requires a 3D analysis
and a complicated segmentation of the fascia.14,37 Finally, we
did not answer the question whether the HF risk varies with
age. This requires more than two age groups and a separate
analysis by gender, which requires a higher number of sub-
jects than were available in this study the missing gender spe-
cific analysis.

In conclusion, our study results show that muscle density
performs better than aBMD from hip CTXA and muscle size
in discrimination of HF. Combination of aBMD and muscle
density provided the best discrimination. The integration of
muscle assessments may trigger a paradigm shift in HF pre-
diction. Gluteus muscle density should also be evaluated as
treatment outcome, and its use as a treatment endpoint for
therapies that reduce HF risk should be further investigated.
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