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a b s t r a c t

Objectives: Physical activity to maintain bone mass and strength is important for hip fracture prevention.
We aim to investigate the relationship between physical performance/activity status and bone mineral
density (BMD)/hip structural analysis (HSA) parameters among postmenopausal women in Japan.
Methods: Sixty-two postmenopausal women diagnosed with osteoporosis (mean age: 72.61 ± 7.43
years) were enrolled in this cross-sectional observational study. They were evaluated for BMD and HSA in
the proximal femur by dual-energy X-ray absorptiometry and underwent several physical performance
tests, the Geriatric Locomotive Function Scale of 25 questions (GLFS-25). Principal component analysis
(PCA) was used to summarize data on the BMD/HSA parameters. Partial correlation analysis, multiple
regression analysis, and structural equation modeling (SEM) were performed to investigate the rela-
tionship between physical performance/activity status and BMD/HSA parameters of the proximal femur.
Results: In a partial correlation analysis adjusted for age and body mass index (BMI), GLFS-25 scores were
correlated with HSA parameter (|r| ¼ 0.260e0.396, P < 0.05). Principal component 1 (PC1) calculated by
PCA was interpreted as more reflective of bone strength based on the value of BMD/HSA parameters. The
SEM results showed that the model created by the 3 questions (Q13, brisk walking; Q15, keep walking
without rest; Q20, load-bearing tasks and housework) of the GLFS-25 had the best fit and was associated
with the PC1 score (b ¼ �0.444, P ¼ 0.001).
Conclusions: The GLFS-25 score was associated with the BMD/HSA parameter, which may reflect the
bone strength of the proximal femur as calculated by PCA.
© 2021 The Korean Society of Osteoporosis. Publishing services by Elsevier B.V. This is an open access

article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
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1. Introduction

Hip fractures based on osteoporosis are a major cause of
morbidity and mortality [1]. The mortality rate for hip fracture is as
high as 30% 1 year after the occurrence of a fracture [2]. With an
aging population, hip fracture is expected to affect up to 6.3 million
people worldwide after 2050 [3]. Therefore, efforts to prevent
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osteoporosis and subsequent hip fracture are extremely important.
Physical activity to maintain bone mass and strength is impor-

tant for fracture prevention. Many studies have shown that physical
activity has a positive effect on femoral bonemineral density (BMD)
[4e6]. However, to perform physical activity, the locomotive sys-
tem, including muscles, joints, cartilage, bones, the spine, inter-
vertebral discs, and nerves, need to function properly. The Japanese
Orthopaedic Association has proposed the term “locomotive syn-
drome” due to a disorder of the locomotive organs [7]. Recent
studies have shown an interrelationship between several diseases,
such as osteoporosis, locomotive syndrome, frailty, and sarcopenia,
in the elderly population [8e10]. These musculoskeletal comor-
bidities may further exacerbate a decline in physical activity.
Therefore, early detection of musculoskeletal problems and
appropriate intervention may prevent fractures.

The majority of studies focusing on physical activity have used
only BMD assessed by dual-energy X-ray absorptiometry (DXA).
Generally, DXA is difficult to assess separately for trabecular and
cortical bones [11]. Recently, it was demonstrated that the strength
of the proximal femur associated with hip fracture impacted
cortical bone more than the trabecular bone [12,13]. Hip structural
analysis (HSA) has been incorporated into DXA, which enables
cortical and mechanical analyses of the proximal femur [14]. Kap-
toge et al discovered through HSA that older women with hip
fractures had thinner cortical bone width and lower fracture
strength in the proximal femur [15]. If the relationship between
physical performance/physical activity and cortical bone parame-
ters of the proximal femur was clarified, specific strategies for
maintaining cortical bone health could be developed.

Furthermore, bone strength is determined by BMD (~70%) and
bone quality (~30%). Bone structure parameters calculated by HSA
are encompassed in bone quality. Considering these factors, infor-
mation from HSA in addition to BMDmay reflect more information
about an individual's bone strength than BMD alone.

No study has examined the relationship between physical per-
formance/activity status and parameters calculated using HSA in
postmenopausal women in Japan. In addition, no study has inves-
tigated the relationship between the BMD/HSA parameters, which
reflect bone strength more than BMD alone, and physical perfor-
mance/activity status. This study aims to investigate the relation-
ship between physical performance/physical activity status and the
BMD/HSA parameters among postmenopausal women in Japan.
Identifying these relationships may reveal physical issues that
impact proximal femoral bone strength and cortical bone fragility.
Fig. 1. Calculated region of the hip structural analysis parameters used in this study.
Parameters calculated in the narrow neck region (NN) and intertrochanter region (IT)
were used in the analysis.
(a); Narrow neck region, (b); Intertrochanter region.
2. Methods

2.1. Subjects

This cross-sectional observational study was approved by the
author's affiliate Institutional Review Board (IRB approval numbers:
19-015 Hiroshima International University and 2019-1 Shimura
Hospital). The study participants were patients who visited the
osteoporosis outpatient clinic of our hospital from April 2019 to
June 2020. The subjects of our study were postmenopausal women
with osteoporosis aged � 60 years. All subjects had no history of
osteoporosis treatment and were able to walk without a walking
aid. The exclusion criteria for our study were the same criteria used
in our previous studies [16] and a history of hip fracture. All sub-
jects underwent blood and bone assessments for osteoporosis
treatment. Informed consent was obtained from all subjects prior
to the start of the study, and physical performance tests were
conducted.
128
2.2. Blood tests

Since previous studies have shown a relationship between
nutrition and osteoporosis [17], we used total protein, albumin, and
estimated glomerular filtration rate values in our analysis. The bone
metabolic status of the subjects was assessed with type I pro-
collagen N-terminal propeptide (electrochemiluminescence
immunoassay, BML, Tokyo, Japan), and tartrate-resistant acid
phosphatase 5b (EIA, BML, Tokyo, Japan).
2.3. Radiographic assessment

Radiography of the thoracic and lumbar spines were obtained.
Vertebral fractures at T4 to L4 were measured independently by 3
researchers. Vertebral fractures were defined according to the
report by Genant et al. [18].
2.4. DXA

BMD of the proximal femur and lumbar spine were assessed by
DXA (Hologic, Bedford, MA, USA). The subjects were diagnosed
with osteoporosis based on the percentage young adult mean value
measured by DXA. In 4 patients who underwent balloon kypho-
plasty at the lumbar vertebrae, BMD of the normal lumbar verte-
brae was assessed.

On the basis of the DXA data, the HSA of the proximal femur was
assessed. Subperiosteal width (SubPeriWidth), estimated endosteal
width (EndoCortWidth), and cortical thickness were calculated as
cortical bone parameters. Similarly, the cross-sectional area (CSA),
the cross-sectional moment of inertia (CSMI), the section modulus
(Z), and the buckling ratio (BR) were calculated as strength pa-
rameters [19,20]. Parameters calculated in the narrow neck region
(NN) and intertrochanter region (IT) were used in the analysis
(Fig. 1).
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2.5. Physical performance evaluations

For physical performance evaluation, grip strength, one-leg
standing time, standing test, and two-step test were performed.
Each subject was provided a full explanation and movement
practice before the test. The subject was provided a break be-
tween each test. The physical performance test, excluding the
stand-up test, was conducted twice. The highest score was used
in the analysis. The details of each physical performance test are
described below. A digital grip strength meter (TKK-5401, Niigata,
Japan) was used to measure the maximum grip strength of the
dominant hand. One-leg standing time was performed with the
eyes open and measured up to 120 seconds. In this study, the
nondominant leg was raised, and standing time on the dominant
leg was used in the analysis. The stand-up and two-step tests
were performed on the basis of the methods previously reported
by Ishibashi et al [21]. Stand-up scores of 0e8 are allocated to the
successful performance of subjects. Higher scores show better
ability. In the two-step test, the two-step value of the distance
traveled divided by the individual's height was used in the
analysis.

The Geriatric Locomotive Function Scale of 25 questions (GLFS-
25) was used to investigate the physical and activity status of the
subjects. Each question has 5 alternatives scored from 0 to 4 from
better to worse, and total scores between 0 and 100 are calculated
for 25 questions. Previous studies reported a cutoff value of 16 for
GLFS-25 [22]. On the basis of the cutoff value, a GLFS-25 score � 16
was considered locomotive dysfunction.
2.6. Statistical analysis

Initially, the ShapiroeWilk test confirmed the normality of the
demographic data, blood data, physical performance data, and DXA
parameters.

Partial correlation analysis (adjusted for age and BMI) was used
to examine the relationship between biological data, physical per-
formance data, and DXA parameters. We performed a power
analysis (effect size 0.5, significance level 5%) to determine the
power of the partial correlation analysis in the 62 subjects who
participated in our study. The effect size was in accordance with
Table 1
Characteristics of the subjects (n ¼ 62).

Variable Valu

Age, yr 72.6
Height, cm 151.
Weight, kg 49.2
BMI, kg/m2 21.5
Total protein, g/dL 7.0 ±
Albumin, g/dL 4.2 ±
eGFR, mL/min 65.2
TRACP-5b, mU/dL 283.
P1NP, mg/L 32.2
T-score, SD
Femur neck �3.0
Total hip �2.4
Lumbar spine �2.6

Handgrip strength, kg 23.6
One-leg standing time, s 65.7
Stand-up test score 2.6 ±
Two-step test score 1.2 ±
GLFS-25 score 11.5
GLFS-25 score S16, n (%) 15 (2
History of diagnosed vertebral fracture, n (%) 20 (3

Values in the table are shown as mean ± standard deviation (SD) or n (%).
BMI, body mass index; eGFR, estimated glomerular filtration rate; TRACP-5b, ta
propeptide; GLFS-25, Geriatric Locomotive Function Scale of 25 questions.
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previous studies [23]. The power analysis showed that the calcu-
lated power was 0.988.

In this study, multiple regression analysis was performed to
determine the physical performance data associated with BMD/
HSA parameters. The independent variable was input using the
forced entry method. We performed principal component analysis
(PCA) on the BMD and HSA parameters of the proximal femur to
determine the dependent variables formultiple regression analysis.
PCA can extract important information from many variables in a
dataset and summarize that information into a small number of
principal components (PCs) [24]. According to previous reports, it is
recommended to have at least twice as many subjects as variables
used in the PCA [25]. In our study, 3 PCs reflecting information on
the BMD and HSA parameters were calculated. Among the PCs
calculated by PCA, PC1dwhich explained most of the variation in
the BMD and HSA parametersdwas considered the parameter that
may be most reflective of bone strength. The score of each PC
calculated using PCA was used as the dependent variable for mul-
tiple regression analysis. Multicollinearity was confirmed using the
variance inflation factor. It has been reported that the minimum
number of subjects required to perform a multiple regression
analysis is 10 times the number of independent variables used [26].
There were 62 subjects in this study, so a maximum of 6 inde-
pendent variables were available.

In addition, this study used structural equation modeling (SEM)
to investigate the questionnaire items of the GLFS-25 that are
related to PCs. The fit of the model was assessed using the chi-
square statistic, root mean square error of approximation
(RMSEA), goodness-of-fit index (GFI), adjusted goodness-of-fit in-
dex (AGFI), comparative fit index (CFI), and Akaike's information
criterion (AIC). We evaluated the goodness-of-fit according to the
following criteria, as in previous studies [27]: chi-square values
greater than 0.05, RMSEA of less than 0.05, GFI, AGFI, and CFI, with a
value above 0.90, indicating a good fit.

We considered a P-value < 0.05 to be significant. PCA and
multiple regression analyses were performed in SPSS (version 27,
IBM Corp., Armonk, NY, USA). SEM was performed using HAD
(version 17, Kansei Gakuin University, Hyogo, Japan). R version 2.8.1
(R Foundation for Statistical Computing, Vienna, Austria, http://
www.R-project.org/) was used for other statistical analyses.
e (mean ± SD) Range (minimumemaximum)

± 7.4 60e87
2 ± 5.8 139.6e163.5
± 6.8 33.5e65.0
± 2.8 17.0e28.6
0.5 5.9e8.3
0.3 3.5e4.7
± 16.4 29.5e105.3
3 ± 112.8 116.0e583.0
± 16.7 11.7e76.8

± 0.8 �4.6 to �0.5
± 0.9 �4.3 to �0.5
± 1.1 �4.8 to 1.2
± 3.8 13.7e30.7
± 45.6 2.3e120.0
1.2 0e5
0.2 0.7e1.5
± 11.0 0e47
4.2) e

2.3) e

rtrate-resistant acid phosphatase 5b; P1NP, procollagen type I N-terminal

http://www.R-project.org/
http://www.R-project.org/
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3. Results

3.1. Characteristics of the subjects

Sixty-two postmenopausal women who satisfied the inclusion
criteria of our study were included in the study. Table 1 shows the
information of the subjects. The mean age of the subjects was
72.6 ± 7.4 years.

3.2. Partial correlation analysis (adjusted for age and BMI)

Table 2 shows the results of partial correlation analysis.
Handgrip strength showed a significant correlation with CSMI and
Z in the NN. The stand-up test score showed a significant corre-
lation between total hip BMD and BR in the IT. The GLFS-25 score
showed a significant correlation with many BMD and HSA pa-
rameters such as CT, CSA, and BR (|r| ¼ 0.287e0.447, P < 0.05).

In contrast, the one-leg standing time and two-step test score
did not show a significant correlation with any of the parameters.

3.3. PCA

The results of the PCA are shown in Table 3. The PC loading of
PC1 was high in the neck and total hip BMD and HSA parameters,
excluding SubPeriWidth and EndoCortWidth in the NN and IT. PC1
could explain 54.581% of the BMD/HSA parameters of the neck and
total hip. We interpreted the total explained variance explained by
PC1 as indicating that PC1 may be a more reflective measure of
bone strength. The PC loading of PC2 showed high SubPeriWidth,
EndoCortWidth, and CSMI in the NN. In PC3, the information of
SubPeriWidth and EndoCortWidth in the IT was reflected.

3.4. Multiple regression analysis

Table 4 shows the results of the multiple regression analysis
using the forced entry method. The independent variables used in
this analysis were those that were evaluated for multicollinearity
and showed significant correlations with BMD or HSA parameters
in partial correlation analysis. PC1 score was used as the depen-
dent variable in multiple regression analysis. As a result, GLFS-25
(standardized b ¼ �0.340, P ¼ 0.017) was selected as the inde-
pendent variable. However, when PC2 and PC3 were used as
dependent variables, there was no independent variable to explain
the dependent variables.

3.5. SEM

Standard regression coefficients that did not show a significant
associationwere removed, and a final model was created based on
the GFI (Fig. 2). The c2 value of the final model was 0.714
(P ¼ 0.700). The other indices of goodness-of-fit were CFI ¼ 1.000,
GFI ¼ 0.994, AGFI ¼ 0.971, RMSEA ¼ 0.000, and AIC ¼ 16.714.
Latent variables used in this study are shown as the daily activity in
the ellipses in Fig. 1. The latent variables and the 3 variables (Q13,
brisk walking (b ¼ 0.668, P < 0.001); Q15, keep walking without
rest (b¼ 0.700, P < 0.001); Q20, load-bearing tasks and housework
(b ¼ 0.543, P < 0.001)) all showed significant associations. More-
over, the daily activity parameter, which represents the latent
variable, was significantly related to the PC1 score (b ¼ �0.444,
P ¼ 0.001).

4. Discussion

There were 2 main findings of this study. The first finding was
an association between GLFS-25 and BMD/HSA parameters of the
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Table 3
Principal component analysis for BMD and HSA parameters.

Variable Principal component

1 2 3

DXA parameters BMD Neck 0.940 �0.142 0.000
Total hip 0.941 �0.093 �0.157

HSA Narrow neck Cortical bone parameters SubPeriWidth 0.045 0.958 �0.243
EndoCortWidth �0.100 0.955 �0.240
CT 0.889 �0.288 0.040

Strength parameters CSA 0.930 0.185 �0.068
CSMI 0.579 0.725 �0.309
Z 0.772 0.486 �0.274
BR �0.687 0.640 �0.140

Intertrochanter Cortical bone parameters SubPeriWidth 0.024 0.413 0.889
EndoCortWidth �0.269 0.446 0.833
CT 0.902 �0.136 0.113

Strength parameters CSA 0.955 0.067 0.032
CSMI 0.776 0.324 0.427
Z 0.850 0.153 0.279
BR ¡0.876 0.242 0.048

Eigen value 8.733 3.726 2.099
Total explained variance (%) 54.581 23.289 13.121

The principal component load is shown in this table.
Principal component loadings > 0.7 are in bold.
DXA, dual-energy X-ray absorptiometry; BMD, bone mineral density; HSA, Hip Structural Analysis; SubPeriWidth, subperiosteal width; EndoCortWidth, estimated endosteal
width; CT, cortical thickness; CSA, cross-sectional area; CSMI, cross-sectional moment of inertia; Z, section modulus; BR, buckling ratio.

Table 4
Results of multiple regression analysis.

Dependent variable: principal component 1 score

Variable Standardized b SE T-value P-value

Handgrip strength 0.162 0.033 1.280 0.206
Stand-up test score 0.038 0.119 0.266 0.791
Total protein �0.135 0.263 �1.131 0.263
GLFS-25 score �0.340 0.013 �2.451 0.017*

Forced entry method; R2 ¼ 0.203, adjusted R2 ¼ 0.147.
*P < 0.05.
GLFS-25, Geriatric Locomotive Function Scale of 25 questions; SE, standard error.

Fig. 2. Final model created by structural equation modeling
The numbers on the arrows represent the standardized regression coefficients.
The ellipse indicates a latent variable.
c2 ¼ 0.714, CFI ¼ 1.000, GFI ¼ 0.994, AGFI ¼ 0.971, RMSEA ¼ 0.000, AIC ¼ 16.714. **P < 0.01
CFI, comparative fit index; GFI, goodness-of-fit index; AGFI, adjusted goodness-of-fit index; RMSEA, root mean square error of approximation; AIC, Akaike's information criterion.
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proximal femur. The second finding was associated with the BMD/
HSA parameters of the proximal femur in the 3 questionnaires of
the GLFS-25 (Q13, brisk walking; Q15, keep walking without rest;
Q20, load-bearing tasks and housework).

As a first step, we performed a partial correlation analysis
adjusted for age and BMI. The results showed that GLFS-25 signif-
icantly correlated with many of the BMD/HSA parameters (|r
131
| ¼ 0.287e0.447, P < 0.05). In addition, multiple regression analysis
also showed a relationship between GLFS-25 and PC1, which may
better reflect bone strength of the proximal femur as calculated by
PCA (b ¼ �0.340, P ¼ 0.017). Alternatively, physical functions such
as grip strength and the stand-up test were not associated with PC1
in the multiple regression analysis. The relationship between
various physical function tests and BMD has long been investigated.
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For example, one-leg standing time [28] and grip strength [29] have
been reported to be related to the BMD of the proximal femur.
However, to the best of our knowledge, no studies have investi-
gated the relationship between physical function tests and HSA
parameters. Additionally, this is the first study to examine the
relationship between synthetic parameters calculated by PCA,
which may be more reflective of bone strength and physical
function.

Fracture is a complex multifactorial event, and recent studies
have shown major limitations of BMD-based criteria for fracture
risk evaluation [30]. Therefore, fracture risk assessment tools that
provide structural and geometric information, such as the HSA, are
clinically important. In light of these considerations, the use of the
BMD/HSA composite parameter calculated by PCA in this studymay
be important in that it reflects more information relate bone
strength than BMD alone. Our results suggest that regardless of age,
musculoskeletal problems, and problems with activities of daily
living as assessed by the GLFS-25 are related to poor HSA param-
eters as well as BMD. In other words, the use of the GLFS-25, a
simple tool for assessing locomotive syndrome, may be useful for
evaluating the bone strength of the proximal femur.

In Japan, the GLFS-25 has been used as a criteria for determining
locomotive syndrome. Several studies investigating the physical
performance andphysical/living statusof individualspresentingwith
locomotive syndromeasassessedby theGLFS-25havebeen reported.
Yoshinaga et al [31] reported that locomotive syndrome was associ-
ated with joint pain, anxiety about physical fitness in daily life, poor
self-rated health, irregular eating habits, and lack of exercise. Ikemoto
et al [32] reported that locomotive syndrome was associated with a
decline in physical performance, such as grip strength, and increased
depression. It is important to applymechanical stress associatedwith
physical activity to bone to maintain bone homeostasis. Considering
the results of this study and previous studies, it can be said that those
who experience pain in the body, decreased mobility, and anxiety in
daily life may have limited physical activity, which leads to bone
fragility in the proximal femur. Therefore, the use of the GLFS-25 to
assess motor function and daily living conditions in postmenopausal
women can lead to appropriate interventions at an early stage that
reduce the risk of future fractures.

To investigate the association of each item of the GLFS-25, we
used SEM. The results showed that the model created by the 3
questions ((Q13, brisk walking (b ¼ 0.668, P < 0.001); Q15, keep
walkingwithout rest (b¼ 0.700, P< 0.001); Q20, load-bearing tasks
and housework (b ¼ 0.543, P < 0.001)) of the GLFS-25 had the best
fit and was associated with PC1 scores reflecting the bone strength
for the proximal femur (b ¼ �0.444, P ¼ 0.001). These findings
indicate that the activities of daily living that are correlated with
fracture prevention have been clarified. The GLFS-25 includes 4
questions on pain, 19 questions on activities of daily living, and 2
questions on anxiety [22]. Among the 19 activities of daily living
questions, brisk walking, continuous walking without rest, load-
bearing tasks, and housework are activities of daily living with a
slightly higher degree of difficulty. Musculoskeletal function, such
as those of the lower extremities and trunk, are more important for
performing these tasks. Furthermore, the presence of pain in the
body can hinder the performance of these tasks. Therefore, in
addition to the use of the GLFS-25, general physical function should
be assessed by a medical doctor or physical therapist.

This study had some limitations. This was a cross-sectional
study. Therefore, causality could not be determined, and whether
improving the GLFS-25 score improves the condition of the prox-
imal femur and decreases the risk of fracture also could not be
determined. Furthermore, all the subjects in this study were post-
menopausal women who visited osteoporosis outpatient clinics.
Therefore, it may not be representative of the entire population.We
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used PC1, a derived variable that may reflect bone strength better
than BMD alone in our analysis. However, the PC score does not
reflect all of the original information, and it is not possible to assess
whether physical function is strongly related to either the BMD or
HSA parameters. We did not study the degree of physical activity of
our subjects. Therefore, differences in physical activity may affect
the results. We used multivariate analyses such as PCA to investi-
gate the relationship between the GLFS-25 and BMD/HSA param-
eters. We determined the minimum number of subjects required
for PCA and multiple regression analysis based on past reports, but
in general, multivariate analysis is a method that requires many
subjects. However the number of subjects in this study (n¼ 62) was
small. Therefore, our results may only show trends in the GLFS-25
and BMD/HSA parameters. Future studies need to increase the
number of subjects and investigate the relationship between the
GLFS-25 and BMD/HSA parameters.

5. Conclusions

The GLFS-25 score, which reflects physical activity status, was
associated with BMD/HSA parameters that may reflect more bone
strength in the proximal femur as calculated by PCA. Furthermore,
physical activity status as revealed by the 3 questions of the GLFS-
25 (Q13, brisk walking; Q15, keep walking without rest; Q20, load-
bearing tasks and housework) was associated with BMD/HSA pa-
rameters and may reflect the bone strength of the proximal femur.
To reduce the risk of fracture in the future, it was considered
important to evaluate the factors that are involved in problems
with activities of daily living and to intervene early depending on
the individual.
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