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Abstract

Objective: To determine the association between pregnancy-related discomforts and pre-pregnancy body mass
index in a longitudinal study.

Methods: The study included 355 pregnant women (age, 31.1 ± 4.1 years). Participants were divided into three
groups according to their pre-pregnancy body mass index: the low body mass index group, normal body mass index
group, and high body mass index group. The occurrence of pregnancy-related discomforts during the second and
third trimesters was investigated. Binomial logistic regression analysis was used to examine the association between
pre-pregnancy body mass index and pregnancy-related discomforts experienced during the last two trimesters.

Results: The occurrence of most pregnancy-related discomforts increased in the third trimester, while that of
constipation and shoulder stiffness or headache decreased. Based on logistic regression analysis, pre-pregnancy
body mass index was significantly associated with various discomforts. The occurrence of hip joint or pubis pain
(odds ratio/95% confidence interval = 2.38/1.14–4.95) during the second trimester, and sleeping difficulty
(2.00/1.09–3.67), hand or finger stiffness (3.00/1.36–6.45), leg cramps (2.29/1.32–3.98), low back pain (2.20/1.29–
3.75), hip joint or pubis pain (2.14/1.23–3.73), and shoulder stiffness or headache (2.01/1.06–3.82) during the third
trimester was significantly higher in the high body mass index group than in the normal body mass index group. The
low body mass index group exhibited a significantly a higher occurrence of shoulder stiffness or headache
(2.84/1.35–5.96) during the second trimester and constipation (2.28/1.08–4.82) during the third trimester than the
normal body mass index group.

Conclusion: The occurrence of discomforts decreased or increased during pregnancy. Furthermore, both pre-
pregnancy high and low body mass index represent important risk factors for many pregnancy-related discomforts,
compared with a pre-pregnancy normal body mass index.

Keywords: Health promotion; Pregnancy; Pregnancy-related
discomforts; Pre-Pregnancy BMI; Prevention

Introduction

Methods
Anatomical, physiological, hormonal, and psychological changes

occur in woman during pregnancy [1,2], causing a variety of
discomforts such as low back pain, ligament pain, fatigue, and
headache [3]. These pregnancy-related discomforts negatively impact
mother and child health and affect the quality of life and limit the daily
activities of mothers [4,5]. Despite a number of researchers
investigating the management of pregnancy-related discomforts [6,7],
there are several limitations to the treatments available during
pregnancy. For example, non-prescribed medicines are usually
unsuitable because of their adverse effects on pregnant women

themselves and on the developing fetus [8,9]. Therefore, a longitudinal
study is necessary to collect information on the prevalence of
discomforts through the stages of pregnancy. Such information will
increase the knowledge of the measures that can be taken to protect
women from pregnancy-related discomfort and will be essential to
prevent their onset.

Before pregnancy, it is important for women to maintain an
appropriate body mass index (BMI) to avoid hormone imbalance and
its negative impact on fertility [10]. Furthermore, some research
indicates that the pre-pregnancy BMI is a predicting factor for
conditions such as gestational diabetes, and thus for adverse
pregnancy outcomes [11,12]. Pre-pregnancy obesity may also be a
modifiable risk factor for intellectual disability in children [13]. On the
other hand, women with pre-pregnancy low weight are at an increased
risk of intrauterine growth restriction, perineal tears, preterm birth
(spontaneous and induced), and low birth weight [14,15]. These
results suggest that both pre-pregnancy high and low BMI negatively
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affect the progress of the pregnancy. Information about the occurrence
of discomforts at each gestational period is necessary for their
prevention. Moreover, a normal BMI before pregnancy promotes an
uneventful progress through pregnancy. However, to date, very few
studies have been conducted on the association between pre-
pregnancy BMI and pregnancy-related discomforts. Accordingly, we
conducted a longitudinal study aimed to identify pregnancy-related
discomforts throughout pregnancy and to identify possible
associations between these discomforts and the pre-pregnancy BMI.

Settings
We collected information from 355 women (age, 31.1 ± 4.1 years) at

the obstetrics and gynecology clinics in the Aichi Prefecture, Japan,
between 2009 and 2013. When the pregnant women visited the clinic
for their periodic health examination, the information was collected by
the hospital staff such as nurses. The inclusion criteria for the survey
were the lack of serious orthopedic disorders, neurological diseases,
and high-risk pregnancy. At the first medical examination, we
recorded the personal information (age and BMI before pregnancy) of
each participant by using a questionnaire.

Questionnaire about Pregnancy-Related Discomforts
The subjects of this study were asked to complete a questionnaire

during the second trimester (22.4 ± 2.1 weeks of gestation) and third
trimester (33.7 ± 2.1 weeks of gestation). We used the Medical Check
Sheet to track pregnancy-related discomforts during gestation. The
sheet, developed by the Japan Maternity Fitness Association, is a self-
entry questionnaire for the management of physical conditions, to be
completed before exercise. Questions were related to the expected date
of birth, weeks of gestation, blood pressure, and 10 different
pregnancy-related discomforts (i.e., sleeping difficulty, constipation,
hand or finger stiffness, swelling, leg cramps, low back pain, hip joint
or pubis pain, shoulder stiffness or headache, rib pain, and anorexia or
heartburn), reported to commonly occur and to have an adverse effect
on pregnancy. If the participants had felt discomfort due to any of the
items on the list, those items were checked.

Ethical Considerations
After the purpose of the study had been explained, written

informed consent was obtained from each participant in accordance
with the guidelines approved by the Kyoto University Graduate School
of Medicine and the Declaration of Human Rights, Helsinki, 1975. The
protocol was approved by the Ethics Committee of Kyoto University
Graduate School of Medicine (protocol approval E-2110).

Statistical Analyses
Participants were divided into three groups (low BMI group,

normal BMI group, and high BMI group) according to their pre-
pregnancy BMI (<18 kg/m2, ≥18 kg/m2, and <22 kg/m2 or ≥22 kg/m2,
respectively). We statistically calculated the differences in age between
these three groups using analysis of variance. Based on the Medical
Check Sheet completed during the second and third trimester, we
determined the occurrence of each symptom during the second and
third trimesters and analyzed this using descriptive statistics. Binomial
logistic regression analysis was used to examine the association
between each discomfort and the pre-pregnancy BMI for each
trimester. We referred to discomforts as the dependent variables, to
low and high BMI groups as the independent variables (with the

normal BMI group as reference), and to age as the adjustment variable.
Data were entered and analyzed using the Statistical Package for the
Social Sciences (Windows version 20.0; SPSS Inc., Chicago, IL, USA).
For all analyses, p<0.05 was considered statistically significant.

Result
Information on 355 women (pre-pregnancy BMI= 20.3±2.1 kg/m2)

who met the inclusion criteria was collected. We assigned 37 women
to the low BMI group (BMI= 17.4±0.6 kg/m2), 246 women to the
normal BMI group (BMI= 19.8 ± 1.0 kg/m2), and 72 women to the
high BMI group (BMI= 23.5±1.8 kg/m2). There were no significant
differences between the three groups (low, normal, and high BMI
groups) in age (30.4 ± 4.2 years, 31.2 ± 4.0 years, and 31.2 ± 4.2 years,
respectively).

The occurrence of most of the pregnancy-related discomforts
analyzed increased from the second to third trimester, in contrast to
that of constipation and shoulder stiffness or headache that showed a
decrease (Figure 1).

Figure 1: The prevalence of pregnancy-related discomforts during
second and third trimester.

Multivariate analysis revealed that pre-pregnancy BMI was
significantly associated with some of the discomforts during
pregnancy (Table 1). The occurrence of hip joint or pubis pain (odds
ratio/95% confidence interval=2.38/1.14–4.95) during the second
trimester, and sleeping difficulty (2.00/1.09–3.67), hand or finger
stiffness (3.00/1.36–6.45), leg cramps (2.29/1.32–3.98), low back pain
(2.20/1.29–3.75), hip joint or pubis pain (2.14/1.23–3.73), and
shoulder stiffness or headache (2.01/1.06–3.82) during the third
trimester was significantly higher in the high BMI group than in the
normal BMI group (p<0.05). The occurrence of shoulder stiffness or
headache (2.84/1.35–5.96) during the second trimester, and
constipation (2.28/1.08–4.82) during the third trimester was
significantly higher in the low BMI group than in the normal BMI
group (p < 0.05). No significant differences were observed in swelling,
rib pain, and anorexia or heartburn.

Discussion
We analyzed the changes in the occurrence of pregnancy-related

discomforts throughout pregnancy and whether their occurrence was
significantly associated with pre-pregnancy BMI. We observed a
different trend in the occurrence of the pregnancy-related discomforts
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analyzed; in fact, while some of them tended to decrease, others
appeared to increase during pregnancy progression. Furthermore, we
found that both low and high BMI before pregnancy represent

important risk factors for many pregnancy-related discomforts,
compared with normal BMI.

second trimester second trimester

Discomforts BMI group Odds ratio 95%CI Odds ratio 95% CI

sleeping difficulty low BMI
normal BMI
high BMI

1.13
1[reference]
1.15

0.32-4.01

0.44-3.02

1.32
1[reference]
2.00*

0.57-3.11

1.09-3.67

constipation low BMI
normal BMI
high BMI

1.92
1[reference]
1.13

0.95-3.91

0.64-2.00

2.28*
1[reference]
1.38

1.80-4.82

0.74-2.56

hand or finger
stiffness

low BMI
normal BMI
high BMI

0.6
1[reference]
0.93

0.08-4.81

0.25-3.43

1.61
1[reference]
2.97*

0.74-2.09

1.36-6.45

swelling low BMI
normal BMI
high BMI

0.68
1[reference]
0.51

0.25-1084

0.38-1061

1.25
1[reference]
1.45

0.60-2.58

0.84-2.51

leg cramps low BMI
normal BMI
high BMI

1
1[reference]
1.14

0..39-2.55

0.57-2.26

1.1
1[reference]
2.29*

0.50-2.40

1.32-3.98

low back pain low BMI
normal BMI
high BMI

1.15
1[reference]
1.74

0.54-2.45

1.00-3.01

1.98
1[reference]
2.20*

0.99-3.98

1.29-3.75

hip joint or pubis
pain

low BMI
normal BMI
high BMI

1.27
1[reference]
2.38*

0.41-3.94

1.14-4.95

1.95
1[reference]
2.14

0.94-4.03

1.23-3.73

shoulder stiffness or
headache low BMI

normal BMI
high BMI

2.84*

1[reference]
1.21

1.35-5.96

0.63-2.33

1.63
1[reference]
2.14

0.69-3.86

1.06-3.82

rib pain
low BMI
normal BMI
high BMI

0.83
1[reference]
0

0.10-6.86

0

1.32
1[reference]
2.14

0.28-6.31

1.06-3.82

0.75-6.11

anorexia or
heartburn low BMI

normal BMI
high BMI

1.24
1[reference]
1.56

0.51-3.03

0.81-3.01

1.97
1[reference]
1.62

0.95-4.08

1.06-3.82

0.92-2.87

Table1: The influence of pre-pregnancy BMI on pregnancy related discomforts (logistic regression analysis). Note: The analysis for discomforts
was adjusted for age. *: p < 0.05

The occurrence of most pregnancy-related discomforts increased
from the second to third trimester, while the occurrence of
constipation and shoulder stiffness or headache decreased. The
tendency for the occurrence of the two discomforts of current study
was almost equivalent to previous reports. A previous study in the
United States showed that the occurrence of constipation decreased
(26.3% to 15.7%) from the second to the third trimester [16], and in
another cross-sectional study, the occurrence of headache decreased
(44.9% to 37.6%) and that of constipation increased (38.6 to 45.2%)
from the second to the third trimester [3]. Here, we observed a
difference when compared with the previous study of Nazik and
Eryilmaz, where the prevalence of constipation decreased in our study
but increased in that study. However, it is worth noting that ours is a
longitudinal study, and thus, we collected information during each
trimester from the same participants, and that found that some
discomforts might improve during the course of pregnancy. Therefore,

pregnant women should pay attention to constipation and shoulder
stiffness or headache during the early stages of pregnancy, especially
during the second trimester, and of other discomforts thereafter.

We found significant differences in the occurrence of analyzed
discomforts according to pre-pregnancy BMI. The occurrence of hip
joint or pubis pain was higher during the second trimester, and the
occurrence of sleeping difficulty, hand or finger stiffness, leg cramps,
low back pain, hip joint or pubis pain, and shoulder stiffness or
headache during the third trimester was higher in the high BMI group
than in the normal BMI group. These discomforts are related to
changes in the musculoskeletal and cardiovascular systems, common
during pregnancy [17-21]. Overweight exposes the musculoskeletal
system to excessive loads, resulting in conditions such as low back pain
and hand pain (22,23). Overweight might also affect the cardiovascular
system [24,25], leading to leg cramps and hand or finger stiffness.
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affect the progress of the pregnancy. Information about the occurrence
of discomforts at each gestational period is necessary for their
prevention. Moreover, a normal BMI before pregnancy promotes an
uneventful progress through pregnancy. However, to date, very few
studies have been conducted on the association between pre-
pregnancy BMI and pregnancy-related discomforts. Accordingly, we
conducted a longitudinal study aimed to identify pregnancy-related
discomforts throughout pregnancy and to identify possible
associations between these discomforts and the pre-pregnancy BMI.

Settings
We collected information from 355 women (age, 31.1 ± 4.1 years) at

the obstetrics and gynecology clinics in the Aichi Prefecture, Japan,
between 2009 and 2013. When the pregnant women visited the clinic
for their periodic health examination, the information was collected by
the hospital staff such as nurses. The inclusion criteria for the survey
were the lack of serious orthopedic disorders, neurological diseases,
and high-risk pregnancy. At the first medical examination, we
recorded the personal information (age and BMI before pregnancy) of
each participant by using a questionnaire.

Questionnaire about Pregnancy-Related Discomforts
The subjects of this study were asked to complete a questionnaire

during the second trimester (22.4 ± 2.1 weeks of gestation) and third
trimester (33.7 ± 2.1 weeks of gestation). We used the Medical Check
Sheet to track pregnancy-related discomforts during gestation. The
sheet, developed by the Japan Maternity Fitness Association, is a self-
entry questionnaire for the management of physical conditions, to be
completed before exercise. Questions were related to the expected date
of birth, weeks of gestation, blood pressure, and 10 different
pregnancy-related discomforts (i.e., sleeping difficulty, constipation,
hand or finger stiffness, swelling, leg cramps, low back pain, hip joint
or pubis pain, shoulder stiffness or headache, rib pain, and anorexia or
heartburn), reported to commonly occur and to have an adverse effect
on pregnancy. If the participants had felt discomfort due to any of the
items on the list, those items were checked.

Ethical Considerations
After the purpose of the study had been explained, written

informed consent was obtained from each participant in accordance
with the guidelines approved by the Kyoto University Graduate School
of Medicine and the Declaration of Human Rights, Helsinki, 1975. The
protocol was approved by the Ethics Committee of Kyoto University
Graduate School of Medicine (protocol approval E-2110).

Statistical Analyses
Participants were divided into three groups (low BMI group,

normal BMI group, and high BMI group) according to their pre-
pregnancy BMI (<18 kg/m2, ≥18 kg/m2, and <22 kg/m2 or ≥22 kg/m2,
respectively). We statistically calculated the differences in age between
these three groups using analysis of variance. Based on the Medical
Check Sheet completed during the second and third trimester, we
determined the occurrence of each symptom during the second and
third trimesters and analyzed this using descriptive statistics. Binomial
logistic regression analysis was used to examine the association
between each discomfort and the pre-pregnancy BMI for each
trimester. We referred to discomforts as the dependent variables, to
low and high BMI groups as the independent variables (with the

normal BMI group as reference), and to age as the adjustment variable.
Data were entered and analyzed using the Statistical Package for the
Social Sciences (Windows version 20.0; SPSS Inc., Chicago, IL, USA).
For all analyses, p<0.05 was considered statistically significant.

Result
Information on 355 women (pre-pregnancy BMI= 20.3±2.1 kg/m2)

who met the inclusion criteria was collected. We assigned 37 women
to the low BMI group (BMI= 17.4±0.6 kg/m2), 246 women to the
normal BMI group (BMI= 19.8 ± 1.0 kg/m2), and 72 women to the
high BMI group (BMI= 23.5±1.8 kg/m2). There were no significant
differences between the three groups (low, normal, and high BMI
groups) in age (30.4 ± 4.2 years, 31.2 ± 4.0 years, and 31.2 ± 4.2 years,
respectively).

The occurrence of most of the pregnancy-related discomforts
analyzed increased from the second to third trimester, in contrast to
that of constipation and shoulder stiffness or headache that showed a
decrease (Figure 1).

Figure 1: The prevalence of pregnancy-related discomforts during
second and third trimester.

Multivariate analysis revealed that pre-pregnancy BMI was
significantly associated with some of the discomforts during
pregnancy (Table 1). The occurrence of hip joint or pubis pain (odds
ratio/95% confidence interval=2.38/1.14–4.95) during the second
trimester, and sleeping difficulty (2.00/1.09–3.67), hand or finger
stiffness (3.00/1.36–6.45), leg cramps (2.29/1.32–3.98), low back pain
(2.20/1.29–3.75), hip joint or pubis pain (2.14/1.23–3.73), and
shoulder stiffness or headache (2.01/1.06–3.82) during the third
trimester was significantly higher in the high BMI group than in the
normal BMI group (p<0.05). The occurrence of shoulder stiffness or
headache (2.84/1.35–5.96) during the second trimester, and
constipation (2.28/1.08–4.82) during the third trimester was
significantly higher in the low BMI group than in the normal BMI
group (p < 0.05). No significant differences were observed in swelling,
rib pain, and anorexia or heartburn.

Discussion
We analyzed the changes in the occurrence of pregnancy-related

discomforts throughout pregnancy and whether their occurrence was
significantly associated with pre-pregnancy BMI. We observed a
different trend in the occurrence of the pregnancy-related discomforts
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analyzed; in fact, while some of them tended to decrease, others
appeared to increase during pregnancy progression. Furthermore, we
found that both low and high BMI before pregnancy represent

important risk factors for many pregnancy-related discomforts,
compared with normal BMI.

second trimester second trimester

Discomforts BMI group Odds ratio 95%CI Odds ratio 95% CI

sleeping difficulty low BMI
normal BMI
high BMI

1.13
1[reference]
1.15

0.32-4.01

0.44-3.02

1.32
1[reference]
2.00*

0.57-3.11

1.09-3.67

constipation low BMI
normal BMI
high BMI

1.92
1[reference]
1.13

0.95-3.91

0.64-2.00

2.28*
1[reference]
1.38

1.80-4.82

0.74-2.56

hand or finger
stiffness

low BMI
normal BMI
high BMI

0.6
1[reference]
0.93

0.08-4.81

0.25-3.43

1.61
1[reference]
2.97*

0.74-2.09

1.36-6.45

swelling low BMI
normal BMI
high BMI

0.68
1[reference]
0.51

0.25-1084

0.38-1061

1.25
1[reference]
1.45

0.60-2.58

0.84-2.51

leg cramps low BMI
normal BMI
high BMI

1
1[reference]
1.14

0..39-2.55

0.57-2.26

1.1
1[reference]
2.29*

0.50-2.40

1.32-3.98

low back pain low BMI
normal BMI
high BMI

1.15
1[reference]
1.74

0.54-2.45

1.00-3.01

1.98
1[reference]
2.20*

0.99-3.98

1.29-3.75

hip joint or pubis
pain

low BMI
normal BMI
high BMI

1.27
1[reference]
2.38*

0.41-3.94

1.14-4.95

1.95
1[reference]
2.14

0.94-4.03

1.23-3.73

shoulder stiffness or
headache low BMI

normal BMI
high BMI

2.84*

1[reference]
1.21

1.35-5.96

0.63-2.33

1.63
1[reference]
2.14

0.69-3.86

1.06-3.82

rib pain
low BMI
normal BMI
high BMI

0.83
1[reference]
0

0.10-6.86

0

1.32
1[reference]
2.14

0.28-6.31

1.06-3.82

0.75-6.11

anorexia or
heartburn low BMI

normal BMI
high BMI

1.24
1[reference]
1.56

0.51-3.03

0.81-3.01

1.97
1[reference]
1.62

0.95-4.08

1.06-3.82

0.92-2.87

Table1: The influence of pre-pregnancy BMI on pregnancy related discomforts (logistic regression analysis). Note: The analysis for discomforts
was adjusted for age. *: p < 0.05

The occurrence of most pregnancy-related discomforts increased
from the second to third trimester, while the occurrence of
constipation and shoulder stiffness or headache decreased. The
tendency for the occurrence of the two discomforts of current study
was almost equivalent to previous reports. A previous study in the
United States showed that the occurrence of constipation decreased
(26.3% to 15.7%) from the second to the third trimester [16], and in
another cross-sectional study, the occurrence of headache decreased
(44.9% to 37.6%) and that of constipation increased (38.6 to 45.2%)
from the second to the third trimester [3]. Here, we observed a
difference when compared with the previous study of Nazik and
Eryilmaz, where the prevalence of constipation decreased in our study
but increased in that study. However, it is worth noting that ours is a
longitudinal study, and thus, we collected information during each
trimester from the same participants, and that found that some
discomforts might improve during the course of pregnancy. Therefore,

pregnant women should pay attention to constipation and shoulder
stiffness or headache during the early stages of pregnancy, especially
during the second trimester, and of other discomforts thereafter.

We found significant differences in the occurrence of analyzed
discomforts according to pre-pregnancy BMI. The occurrence of hip
joint or pubis pain was higher during the second trimester, and the
occurrence of sleeping difficulty, hand or finger stiffness, leg cramps,
low back pain, hip joint or pubis pain, and shoulder stiffness or
headache during the third trimester was higher in the high BMI group
than in the normal BMI group. These discomforts are related to
changes in the musculoskeletal and cardiovascular systems, common
during pregnancy [17-21]. Overweight exposes the musculoskeletal
system to excessive loads, resulting in conditions such as low back pain
and hand pain (22,23). Overweight might also affect the cardiovascular
system [24,25], leading to leg cramps and hand or finger stiffness.
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Accordingly, discomforts, especially those related to the
musculoskeletal and cardiovascular systems, might occur in the high
BMI group. The occurrence of shoulder stiffness or headache during
the second trimester, and constipation during the third trimester, was
higher in the low BMI group than in the normal BMI group. These
discomforts are related to fluctuations in hormones such as estrogen,
occurring during pregnancy [26,27], and low weight might determine
hormone imbalance, in particular by decreasing the effects of female
hormones [28]. Therefore, pre-pregnancy low BMI might hamper the
hormonal balance and lead to the observed pregnancy-related
discomforts.

In recent years, the occurrence of obesity has increased worldwide
[29],while women, especially young adults, attempt to lose weight
despite being of normal weight or underweight [30,31]. In this respect,
our study showed that both women with high or low pre-pregnancy
BMI have a high risk of pregnancy-related discomforts that not only
affect their quality of life and limit their daily activities, but might also
have a negative impact on their children’s health [4,5]. Hence, our
findings suggest that young women should maintain an appropriate
BMI before getting pregnant, in order to have a good pregnancy
progression.

This study has several limitations. First, we could not obtain
information on some factors that could affect pregnancy-related
discomforts (e.g. living environment, parity, and hormonal
fluctuations during pregnancy). These factors may have affected our
results. Second, we could not investigate the occurrence of additional
discomforts that occur during pregnancy: it is known that more than
30 discomforts might be experienced by pregnant women [3]. In the
future, a similar study investigating various pregnancy-related
discomforts should be conducted, taking into account the different
factors related to the discomforts.

Conclusion
The current study showed that pregnancy-related discomforts have

different trends in occurrence from the second to the third trimester.
Therefore, pregnant women should pay attention to different
discomforts depending on the pregnancy period. Moreover, pre-
pregnancy low or high BMI might be a risk factor for pregnancy-
related discomforts, regardless of age. These findings indicate that
women should maintain an appropriate BMI before pregnancy to
prevent potential discomforts during pregnancy.
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Abstract

Background The shuttle walking test (SWT) is a simple,

widely used method for assessing endurance performance

in the elderly. Despite widespread community use, its as-

sociated factors are unclear.

Aims We aim to identify previously undefined SWT as-

sociation factors in community-dwelling elderly people.

Methods Herein, 149 healthy elderly Japanese subjects

performed the SWT, and were assessed for height, weight,

smoking history, 10-m walk time, Timed Up and Go

(TUG) scores, handgrip strength, skeletal mass index

(SMI), forced vital capacity (FVC), forced expiratory

volume in 1 s (FEV1), cardio-ankle vascular index, and

ankle brachial index. We divided men and women into

higher and lower SWT score groups, compared between-

group parameters, and performed stepwise multivariate

logistic regression analysis to identify factors indepen-

dently associated with SWT scores.

Results Age, BMI, 10-m walk time, TUG score, SMI,

FVC (L; %-predicted), and FEV1 (L; %-predicted) were

significantly different between SWT score groups for men,

while in women, significant differences were observed in

age, TUG score, handgrip strength, FVC (L; %-predicted),

and FEV1 (L; %-predicted) (p\ 0.05). In the multivariate

logistic regression model, 10-m walk time, and FEV1

showed significant associations with SWT results in men;

among women, age was the only significantly associated

factor (p\ 0.05).

Conclusions Results indicate that better lung function

and shorter walk time independently associate with SWT

results in community-dwelling men; in women, age is the

only association. Our findings may offer insight when

considering the focus of community exercise programs

among the elderly.

Keywords Shuttle walking test � Endurance function �
Community-dwelling elderly people � Lung function

Introduction

In our currently aging society, it has been shown that

preserving higher endurance in elderly populations in-

creases their level of physical activity [1] and prevents

frailty [2], cardiovascular disease [3], and even mortality

[4]. The accepted standard for endurance evaluation is the

measuring of maximum oxygen consumption (VO2 max)

via treadmill. However, this requires technical equipment

and the expertise of a tester, and is instituted only in

laboratory or hospital settings. Thus, to preserve endurance

among the community-dwelling elderly, a more straight-

forward and acceptable endurance assessment is required.

The incremental shuttle walking test (SWT) was devel-

oped by Singh [5] to assess the endurance of patients with

chronic obstructive pulmonary disease (COPD) [5] or

chronic heart failure [6, 7]. The SWT required subjects to

walk back and forth along a 10-m flat course, with pro-

gressive increases in pace imposed by audio signals, until

the subject was no longer able to maintain the pace [5]. The

SWT can yield a physiological response similar to a

treadmill test [8]. Therefore, use of the SWT is pervasive as
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via treadmill. However, this requires technical equipment

and the expertise of a tester, and is instituted only in

laboratory or hospital settings. Thus, to preserve endurance

among the community-dwelling elderly, a more straight-

forward and acceptable endurance assessment is required.

The incremental shuttle walking test (SWT) was devel-

oped by Singh [5] to assess the endurance of patients with

chronic obstructive pulmonary disease (COPD) [5] or

chronic heart failure [6, 7]. The SWT required subjects to

walk back and forth along a 10-m flat course, with pro-

gressive increases in pace imposed by audio signals, until

the subject was no longer able to maintain the pace [5]. The

SWT can yield a physiological response similar to a

treadmill test [8]. Therefore, use of the SWT is pervasive as
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Abstract

Background The shuttle walking test (SWT) is a simple,

widely used method for assessing endurance performance

in the elderly. Despite widespread community use, its as-

sociated factors are unclear.

Aims We aim to identify previously undefined SWT as-

sociation factors in community-dwelling elderly people.

Methods Herein, 149 healthy elderly Japanese subjects

performed the SWT, and were assessed for height, weight,

smoking history, 10-m walk time, Timed Up and Go

(TUG) scores, handgrip strength, skeletal mass index

(SMI), forced vital capacity (FVC), forced expiratory

volume in 1 s (FEV1), cardio-ankle vascular index, and

ankle brachial index. We divided men and women into

higher and lower SWT score groups, compared between-

group parameters, and performed stepwise multivariate

logistic regression analysis to identify factors indepen-

dently associated with SWT scores.

Results Age, BMI, 10-m walk time, TUG score, SMI,

FVC (L; %-predicted), and FEV1 (L; %-predicted) were

significantly different between SWT score groups for men,

while in women, significant differences were observed in

age, TUG score, handgrip strength, FVC (L; %-predicted),

and FEV1 (L; %-predicted) (p\ 0.05). In the multivariate

logistic regression model, 10-m walk time, and FEV1

showed significant associations with SWT results in men;

among women, age was the only significantly associated

factor (p\ 0.05).

Conclusions Results indicate that better lung function

and shorter walk time independently associate with SWT

results in community-dwelling men; in women, age is the

only association. Our findings may offer insight when

considering the focus of community exercise programs

among the elderly.

Keywords Shuttle walking test � Endurance function �
Community-dwelling elderly people � Lung function

Introduction

In our currently aging society, it has been shown that

preserving higher endurance in elderly populations in-

creases their level of physical activity [1] and prevents

frailty [2], cardiovascular disease [3], and even mortality

[4]. The accepted standard for endurance evaluation is the

measuring of maximum oxygen consumption (VO2 max)

via treadmill. However, this requires technical equipment

and the expertise of a tester, and is instituted only in

laboratory or hospital settings. Thus, to preserve endurance

among the community-dwelling elderly, a more straight-

forward and acceptable endurance assessment is required.

The incremental shuttle walking test (SWT) was devel-

oped by Singh [5] to assess the endurance of patients with

chronic obstructive pulmonary disease (COPD) [5] or

chronic heart failure [6, 7]. The SWT required subjects to

walk back and forth along a 10-m flat course, with pro-

gressive increases in pace imposed by audio signals, until

the subject was no longer able to maintain the pace [5]. The

SWT can yield a physiological response similar to a

treadmill test [8]. Therefore, use of the SWT is pervasive as

D. Adachi (&) � S. Nishiguchi � N. Fukutani � H. Kayama �
T. Tanigawa � T. Yukutake � T. Hotta � Y. Tashiro �
S. Morino � M. Yamada � T. Aoyama

Department of Physical Therapy, Human Health Sciences,

Graduate School of Medicine, Kyoto University, 53 Kawahara-

cho, Shogoin, Sakyo-ku, Kyoto 606-8507, Japan

e-mail: adachi.daiki.53z@st.kyoto-u.ac.jp

123

Aging Clin Exp Res

DOI 10.1007/s40520-015-0342-3

Author's personal copy

－ 49 －－ 67 －



a reliable endurance assessment test. The SWT can be ad-

ministered in the local community; some previous studies

have demonstrated its usefulness for evaluating endurance

in community-dwelling people [9–11]. Moreover, to eval-

uate large numbers of people in varied non-laboratory set-

tings, the SWT is a simpler and low-cost method than the

treadmill test, which is regarded as the most precise en-

durance test for community-dwelling elderly.

In recent years, SWT results have been shown to associate

with various factors such as age [10, 11], sex [11], body

composition [10], gait parameter [7, 10, 12], lung function

[13] and cardiovascular function [14]. However, the enrolled

study subjects were of varied age, and presentedwith an array

of health conditions ranging from healthy subjects to patients

suffering from COPD or heart failure. For the community-

dwelling elderly, investigating the determinants of SWT data

may reveal what function physicians should focus on to in-

crease endurance performance of this demographic. How-

ever, relatively few studies exist that aim to investigate SWT

results in such an age group. Therefore, the aim of the present

study was to determine the factors associated with SWT re-

sults in community-dwelling elderly people.

Materials and methods

Subjects

Elderly community-dwelling subjects were recruited

through local press advertising from November 11–12,

2012. A total of 149 subjects (73 men and 76 women aged

74 ± 4 years) were enrolled upon having met the inclusion

criteria (age C65 years, able to walk independently). Ex-

clusion criteria were using walking aids such as a cane or

walker, having a medical history (or post-operative history)

of severe cardiac, musculoskeletal, or pulmonary disease,

and having significant hearing impairment. Demographic

data including age, body mass index (BMI), and smoking

history were obtained. To assess smoking history, the pack-

years index [15] was calculated for each subject by mul-

tiplying the number of cigarette packs smoked per day by

the number of smoking years.

Written informed consent was obtained from each sub-

ject in accordance with the guidelines of the Kyoto

University Graduate School of Medicine and the 1995

Declaration of Helsinki. This study protocol was approved

by the ethics committee of the Kyoto University Graduate

School of Medicine.

SWT

The SWT required subjects to walk back and forth along a

10-m flat course, with progressive increases in pace

imposed by audio signals, until the subject was no longer

able to maintain the pace. Up to 50 successions of the SWT

were performed (500 m total walking). We divided sub-

jects into two groups based on SWT scores: B40 or[41

[16].

Motor function tests

All subjects were assessed using the 10-m walk test, Timed

Up and Go (TUG) test, and handgrip strength test. In the

10-m walk test, subjects walk along 10-m flat pathways at a

comfortable speed [17]. In the TUG test, participants were

instructed to stand up from a standard chair with a seat

height of 40 cm, walk a distance of 3 m at their fastest

pace, turn, walk back to the chair, and sit down. The time

elapsing from the verbal command to begin the task until

completion was recorded with a stopwatch [18]. The 10-m

walk time and TUG scores were defined as the mean time

in seconds recorded at the subjects’ second trials. In the

handgrip strength test, participants used a hand-held dy-

namometer with the arm kept to the side of the body.

Participants squeezed the dynamometer with maximum

isometric effort. No other body movement was allowed

[19]. The handgrip test score was defined as the better

performance of two trials.

Skeletal muscle mass index (SMI)

A bioelectrical impedance data acquisition system (Inbody

430; Biospace Co., Ltd., Seoul, Korea) was used to deter-

mine body composition [20]. Participants were asked to

stand on two metallic electrodes and hold metallic grip

electrodes while the system applied a constant current of

800 mA at 50 kHz through the body. The data acquisition

system calculated the resistance value and muscle mass of

the respective body parts (right arm, left arm, right leg, left

leg, and trunk). Appendicular skeletal muscle mass was

determined using segmental body composition and muscle

mass excluding the trunk; a value for the appendicular

skeletal muscle mass was determined and used for the

current analysis. SMI was obtained by dividing the ap-

pendicular skeletal muscle mass by the square of height

(kg/m2). This index has been used and well documented in

several epidemiological studies [21].

Lung function

All subjects underwent spirometric evaluation. Forced vital

capacity (FVC), and forced expiratory volume in 1 s

(FEV1) were measured by a spirometer (Spiro Sift SP-370;

Fukuda Denshi Co., Ltd., Tokyo, Japan). Next, we calcu-

lated percent predicted FVC and FEV1, corrected for height

and age. Pulmonary function tests were carried out
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according to the guidelines of the Japanese Respiratory

Society [22]. The formulae for calculating percent pre-

dicted FVC and FEV1 were derived from Japanese criteria

[23]. The FEV1/FVC ratio was also calculated.

Cardiovascular function

All subjects underwent cardio-ankle vascular index (CAVI)

evaluation and ankle brachial index (ABI) evaluation, which

were determined using the VaSera-1500 (Fukuda Denshi

Co., Ltd., Tokyo, Japan) as previously reported [24, 25].

CAVI is a novel method for measuring arterial stiffness.

Until recently, pulse wave velocity (PWV) was the most

popular measure; however, PWV was dependent on blood

pressure at the time of measurement. CAVI was calculated

based on parameter b, independent of blood pressure [26].

Scores B9.00 were considered normal while scores[9.00

were considered indicative of suspected arteriosclerosis

[27]. The ABI described the arterial occlusion with a ratio

of the ankle to brachial systolic blood pressure [28]. Nor-

mal values 0.91 B ABI B 1.30 and values B0.90 indicated

suspected peripheral artery disease (PAD) [29].

When measuring CAVI and ABI, subjects were supine

and had blood pressure cuffs on both of the brachia and

ankles. Measurements were taken once per subject, and

mean values of the right and left CAVI and ABI scores were

calculated. Using these index values, we calculated the

population (%) with suspected arteriosclerosis and PAD.

Statistical analyses

We analyzed the difference in each variable between men

and women, and between subjects with higher and lower

SWT results. We performed a Chi-squared (v2) test to

analyze the population with suspected arteriosclerosis and

PAD. Moreover, statistical tests such as t tests were also

conducted to assess the influence of other variables.

Next, we examined factors associated with the SWT

results using a stepwise multivariate logistic regression

model. We assigned the high SWT results group as a de-

pendent variable and age, BMI, SMI, 10-m walk time,

handgrip strength, FVC (L), FEV1 (L), FEV1/FVC ratio,

and suspected arteriosclerosis population as explanatory

variables.

All statistical analyses were performed with SPSS 20.0

software (SPSS Inc., Chicago, IL, USA). A p\ 0.05 was

considered statistically significant for all analyses.

Results

Measurements of the 149 subjects are summarized in

Table 1. There were significant differences between men

and women in the pack-years index, TUG score, handgrip

strength, SMI, FVC (L), FEV1 (L), FEV1 (%-predicted),

and suspected arteriosclerosis population (p\ 0.05).

Forty-two men and 26 women were classified into the

higher SWT results group and 31 men and 50 women were

classified into the lower SWT results group. Among men,

there were significant differences between higher and

lower SWT results groups in age, BMI, 10-m walk time,

TUG score, SMI, FVC (L), FVC (%-predicted), FEV1 (L),

and FEV1 (%-predicted) (p\ 0.05). In women, there were

significant differences between higher and lower SWT re-

sults groups in age, TUG score, handgrip strength, FVC

(L), FVC (%-predicted), FEV1 (L), and FEV1 (%-predict-

ed) (p\ 0.05).

In the multivariate logistic regression analysis, variables

that remained in the final step of the regression model were

considered to be significantly correlated with a higher SWT

result. In men, these were 10-m walk time (p = 0.001), and

FEV1 (p\ 0.001), whereas in women, age (p\ 0.001) was

the only significantly correlated variable (Table 2).

Discussion

We analyzed the association between SWT results and age,

body composition, motor function, lung function, and

cardiovascular function in community-dwelling elderly

people. We found that younger age, higher FEV1, and

shorter 10-m walk time were associated with higher SWT

results in men, and that younger age associated with higher

SWT results in women. To date, there are few studies of

the relationship between lung function and SWT results in

community-dwelling elderly people. The results of the

present study suggest that maintaining better lung function

and walk speed is the key to preserving endurance in

community-dwelling elderly men.

It has been previously shown that a decrease in FEV1

increases dyspnea during exercise and results in decreased

walk speed and endurance in patients with airflow limita-

tion [13, 30, 31]. We considered that in community-d-

welling elderly populations, a lower capacity for lung

function would increase subjects’ dyspnea during the SWT

test, resulting in decreased walk speed and SWT results.

According to the American College of Chest Physicians

guidelines [32], it is still unclear which lung function is

improved by pulmonary rehabilitation in airflow limitation

patients. Moreover, there are only a few studies that report

that pulmonary rehabilitation improves lung function

among community-dwelling elderly people. Therefore, we

consider that pulmonary exercises, such as improving

thorax and respiratory muscle mobility, and employing

breathing techniques, may sustain better lung function and

preserve endurance performance in this demographic.
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a reliable endurance assessment test. The SWT can be ad-

ministered in the local community; some previous studies

have demonstrated its usefulness for evaluating endurance

in community-dwelling people [9–11]. Moreover, to eval-

uate large numbers of people in varied non-laboratory set-

tings, the SWT is a simpler and low-cost method than the

treadmill test, which is regarded as the most precise en-

durance test for community-dwelling elderly.

In recent years, SWT results have been shown to associate

with various factors such as age [10, 11], sex [11], body

composition [10], gait parameter [7, 10, 12], lung function

[13] and cardiovascular function [14]. However, the enrolled

study subjects were of varied age, and presentedwith an array

of health conditions ranging from healthy subjects to patients

suffering from COPD or heart failure. For the community-

dwelling elderly, investigating the determinants of SWT data

may reveal what function physicians should focus on to in-

crease endurance performance of this demographic. How-

ever, relatively few studies exist that aim to investigate SWT

results in such an age group. Therefore, the aim of the present

study was to determine the factors associated with SWT re-

sults in community-dwelling elderly people.

Materials and methods

Subjects

Elderly community-dwelling subjects were recruited

through local press advertising from November 11–12,

2012. A total of 149 subjects (73 men and 76 women aged

74 ± 4 years) were enrolled upon having met the inclusion

criteria (age C65 years, able to walk independently). Ex-

clusion criteria were using walking aids such as a cane or

walker, having a medical history (or post-operative history)

of severe cardiac, musculoskeletal, or pulmonary disease,

and having significant hearing impairment. Demographic

data including age, body mass index (BMI), and smoking

history were obtained. To assess smoking history, the pack-

years index [15] was calculated for each subject by mul-

tiplying the number of cigarette packs smoked per day by

the number of smoking years.

Written informed consent was obtained from each sub-

ject in accordance with the guidelines of the Kyoto

University Graduate School of Medicine and the 1995

Declaration of Helsinki. This study protocol was approved

by the ethics committee of the Kyoto University Graduate

School of Medicine.

SWT

The SWT required subjects to walk back and forth along a

10-m flat course, with progressive increases in pace

imposed by audio signals, until the subject was no longer

able to maintain the pace. Up to 50 successions of the SWT

were performed (500 m total walking). We divided sub-

jects into two groups based on SWT scores: B40 or[41

[16].

Motor function tests

All subjects were assessed using the 10-m walk test, Timed

Up and Go (TUG) test, and handgrip strength test. In the

10-m walk test, subjects walk along 10-m flat pathways at a

comfortable speed [17]. In the TUG test, participants were

instructed to stand up from a standard chair with a seat

height of 40 cm, walk a distance of 3 m at their fastest

pace, turn, walk back to the chair, and sit down. The time

elapsing from the verbal command to begin the task until

completion was recorded with a stopwatch [18]. The 10-m

walk time and TUG scores were defined as the mean time

in seconds recorded at the subjects’ second trials. In the

handgrip strength test, participants used a hand-held dy-

namometer with the arm kept to the side of the body.

Participants squeezed the dynamometer with maximum

isometric effort. No other body movement was allowed

[19]. The handgrip test score was defined as the better

performance of two trials.

Skeletal muscle mass index (SMI)

A bioelectrical impedance data acquisition system (Inbody

430; Biospace Co., Ltd., Seoul, Korea) was used to deter-

mine body composition [20]. Participants were asked to

stand on two metallic electrodes and hold metallic grip

electrodes while the system applied a constant current of

800 mA at 50 kHz through the body. The data acquisition

system calculated the resistance value and muscle mass of

the respective body parts (right arm, left arm, right leg, left

leg, and trunk). Appendicular skeletal muscle mass was

determined using segmental body composition and muscle

mass excluding the trunk; a value for the appendicular

skeletal muscle mass was determined and used for the

current analysis. SMI was obtained by dividing the ap-

pendicular skeletal muscle mass by the square of height

(kg/m2). This index has been used and well documented in

several epidemiological studies [21].

Lung function

All subjects underwent spirometric evaluation. Forced vital

capacity (FVC), and forced expiratory volume in 1 s

(FEV1) were measured by a spirometer (Spiro Sift SP-370;

Fukuda Denshi Co., Ltd., Tokyo, Japan). Next, we calcu-

lated percent predicted FVC and FEV1, corrected for height

and age. Pulmonary function tests were carried out
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according to the guidelines of the Japanese Respiratory

Society [22]. The formulae for calculating percent pre-

dicted FVC and FEV1 were derived from Japanese criteria

[23]. The FEV1/FVC ratio was also calculated.

Cardiovascular function

All subjects underwent cardio-ankle vascular index (CAVI)

evaluation and ankle brachial index (ABI) evaluation, which

were determined using the VaSera-1500 (Fukuda Denshi

Co., Ltd., Tokyo, Japan) as previously reported [24, 25].

CAVI is a novel method for measuring arterial stiffness.

Until recently, pulse wave velocity (PWV) was the most

popular measure; however, PWV was dependent on blood

pressure at the time of measurement. CAVI was calculated

based on parameter b, independent of blood pressure [26].

Scores B9.00 were considered normal while scores[9.00

were considered indicative of suspected arteriosclerosis

[27]. The ABI described the arterial occlusion with a ratio

of the ankle to brachial systolic blood pressure [28]. Nor-

mal values 0.91 B ABI B 1.30 and values B0.90 indicated

suspected peripheral artery disease (PAD) [29].

When measuring CAVI and ABI, subjects were supine

and had blood pressure cuffs on both of the brachia and

ankles. Measurements were taken once per subject, and

mean values of the right and left CAVI and ABI scores were

calculated. Using these index values, we calculated the

population (%) with suspected arteriosclerosis and PAD.

Statistical analyses

We analyzed the difference in each variable between men

and women, and between subjects with higher and lower

SWT results. We performed a Chi-squared (v2) test to

analyze the population with suspected arteriosclerosis and

PAD. Moreover, statistical tests such as t tests were also

conducted to assess the influence of other variables.

Next, we examined factors associated with the SWT

results using a stepwise multivariate logistic regression

model. We assigned the high SWT results group as a de-

pendent variable and age, BMI, SMI, 10-m walk time,

handgrip strength, FVC (L), FEV1 (L), FEV1/FVC ratio,

and suspected arteriosclerosis population as explanatory

variables.

All statistical analyses were performed with SPSS 20.0

software (SPSS Inc., Chicago, IL, USA). A p\ 0.05 was

considered statistically significant for all analyses.

Results

Measurements of the 149 subjects are summarized in

Table 1. There were significant differences between men

and women in the pack-years index, TUG score, handgrip

strength, SMI, FVC (L), FEV1 (L), FEV1 (%-predicted),

and suspected arteriosclerosis population (p\ 0.05).

Forty-two men and 26 women were classified into the

higher SWT results group and 31 men and 50 women were

classified into the lower SWT results group. Among men,

there were significant differences between higher and

lower SWT results groups in age, BMI, 10-m walk time,

TUG score, SMI, FVC (L), FVC (%-predicted), FEV1 (L),

and FEV1 (%-predicted) (p\ 0.05). In women, there were

significant differences between higher and lower SWT re-

sults groups in age, TUG score, handgrip strength, FVC

(L), FVC (%-predicted), FEV1 (L), and FEV1 (%-predict-

ed) (p\ 0.05).

In the multivariate logistic regression analysis, variables

that remained in the final step of the regression model were

considered to be significantly correlated with a higher SWT

result. In men, these were 10-m walk time (p = 0.001), and

FEV1 (p\ 0.001), whereas in women, age (p\ 0.001) was

the only significantly correlated variable (Table 2).

Discussion

We analyzed the association between SWT results and age,

body composition, motor function, lung function, and

cardiovascular function in community-dwelling elderly

people. We found that younger age, higher FEV1, and

shorter 10-m walk time were associated with higher SWT

results in men, and that younger age associated with higher

SWT results in women. To date, there are few studies of

the relationship between lung function and SWT results in

community-dwelling elderly people. The results of the

present study suggest that maintaining better lung function

and walk speed is the key to preserving endurance in

community-dwelling elderly men.

It has been previously shown that a decrease in FEV1

increases dyspnea during exercise and results in decreased

walk speed and endurance in patients with airflow limita-

tion [13, 30, 31]. We considered that in community-d-

welling elderly populations, a lower capacity for lung

function would increase subjects’ dyspnea during the SWT

test, resulting in decreased walk speed and SWT results.

According to the American College of Chest Physicians

guidelines [32], it is still unclear which lung function is

improved by pulmonary rehabilitation in airflow limitation

patients. Moreover, there are only a few studies that report

that pulmonary rehabilitation improves lung function

among community-dwelling elderly people. Therefore, we

consider that pulmonary exercises, such as improving

thorax and respiratory muscle mobility, and employing

breathing techniques, may sustain better lung function and

preserve endurance performance in this demographic.
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a reliable endurance assessment test. The SWT can be ad-

ministered in the local community; some previous studies

have demonstrated its usefulness for evaluating endurance

in community-dwelling people [9–11]. Moreover, to eval-

uate large numbers of people in varied non-laboratory set-

tings, the SWT is a simpler and low-cost method than the

treadmill test, which is regarded as the most precise en-

durance test for community-dwelling elderly.

In recent years, SWT results have been shown to associate

with various factors such as age [10, 11], sex [11], body

composition [10], gait parameter [7, 10, 12], lung function

[13] and cardiovascular function [14]. However, the enrolled

study subjects were of varied age, and presentedwith an array

of health conditions ranging from healthy subjects to patients

suffering from COPD or heart failure. For the community-

dwelling elderly, investigating the determinants of SWT data

may reveal what function physicians should focus on to in-

crease endurance performance of this demographic. How-

ever, relatively few studies exist that aim to investigate SWT

results in such an age group. Therefore, the aim of the present

study was to determine the factors associated with SWT re-

sults in community-dwelling elderly people.

Materials and methods

Subjects

Elderly community-dwelling subjects were recruited

through local press advertising from November 11–12,

2012. A total of 149 subjects (73 men and 76 women aged

74 ± 4 years) were enrolled upon having met the inclusion

criteria (age C65 years, able to walk independently). Ex-

clusion criteria were using walking aids such as a cane or

walker, having a medical history (or post-operative history)

of severe cardiac, musculoskeletal, or pulmonary disease,

and having significant hearing impairment. Demographic

data including age, body mass index (BMI), and smoking

history were obtained. To assess smoking history, the pack-

years index [15] was calculated for each subject by mul-

tiplying the number of cigarette packs smoked per day by

the number of smoking years.

Written informed consent was obtained from each sub-

ject in accordance with the guidelines of the Kyoto

University Graduate School of Medicine and the 1995

Declaration of Helsinki. This study protocol was approved

by the ethics committee of the Kyoto University Graduate

School of Medicine.

SWT

The SWT required subjects to walk back and forth along a

10-m flat course, with progressive increases in pace

imposed by audio signals, until the subject was no longer

able to maintain the pace. Up to 50 successions of the SWT

were performed (500 m total walking). We divided sub-

jects into two groups based on SWT scores: B40 or[41

[16].

Motor function tests

All subjects were assessed using the 10-m walk test, Timed

Up and Go (TUG) test, and handgrip strength test. In the

10-m walk test, subjects walk along 10-m flat pathways at a

comfortable speed [17]. In the TUG test, participants were

instructed to stand up from a standard chair with a seat

height of 40 cm, walk a distance of 3 m at their fastest

pace, turn, walk back to the chair, and sit down. The time

elapsing from the verbal command to begin the task until

completion was recorded with a stopwatch [18]. The 10-m

walk time and TUG scores were defined as the mean time

in seconds recorded at the subjects’ second trials. In the

handgrip strength test, participants used a hand-held dy-

namometer with the arm kept to the side of the body.

Participants squeezed the dynamometer with maximum

isometric effort. No other body movement was allowed

[19]. The handgrip test score was defined as the better

performance of two trials.

Skeletal muscle mass index (SMI)

A bioelectrical impedance data acquisition system (Inbody

430; Biospace Co., Ltd., Seoul, Korea) was used to deter-

mine body composition [20]. Participants were asked to

stand on two metallic electrodes and hold metallic grip

electrodes while the system applied a constant current of

800 mA at 50 kHz through the body. The data acquisition

system calculated the resistance value and muscle mass of

the respective body parts (right arm, left arm, right leg, left

leg, and trunk). Appendicular skeletal muscle mass was

determined using segmental body composition and muscle

mass excluding the trunk; a value for the appendicular

skeletal muscle mass was determined and used for the

current analysis. SMI was obtained by dividing the ap-

pendicular skeletal muscle mass by the square of height

(kg/m2). This index has been used and well documented in

several epidemiological studies [21].

Lung function

All subjects underwent spirometric evaluation. Forced vital

capacity (FVC), and forced expiratory volume in 1 s

(FEV1) were measured by a spirometer (Spiro Sift SP-370;

Fukuda Denshi Co., Ltd., Tokyo, Japan). Next, we calcu-

lated percent predicted FVC and FEV1, corrected for height

and age. Pulmonary function tests were carried out
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according to the guidelines of the Japanese Respiratory

Society [22]. The formulae for calculating percent pre-

dicted FVC and FEV1 were derived from Japanese criteria

[23]. The FEV1/FVC ratio was also calculated.

Cardiovascular function

All subjects underwent cardio-ankle vascular index (CAVI)

evaluation and ankle brachial index (ABI) evaluation, which

were determined using the VaSera-1500 (Fukuda Denshi

Co., Ltd., Tokyo, Japan) as previously reported [24, 25].

CAVI is a novel method for measuring arterial stiffness.

Until recently, pulse wave velocity (PWV) was the most

popular measure; however, PWV was dependent on blood

pressure at the time of measurement. CAVI was calculated

based on parameter b, independent of blood pressure [26].

Scores B9.00 were considered normal while scores[9.00

were considered indicative of suspected arteriosclerosis

[27]. The ABI described the arterial occlusion with a ratio

of the ankle to brachial systolic blood pressure [28]. Nor-

mal values 0.91 B ABI B 1.30 and values B0.90 indicated

suspected peripheral artery disease (PAD) [29].

When measuring CAVI and ABI, subjects were supine

and had blood pressure cuffs on both of the brachia and

ankles. Measurements were taken once per subject, and

mean values of the right and left CAVI and ABI scores were

calculated. Using these index values, we calculated the

population (%) with suspected arteriosclerosis and PAD.

Statistical analyses

We analyzed the difference in each variable between men

and women, and between subjects with higher and lower

SWT results. We performed a Chi-squared (v2) test to

analyze the population with suspected arteriosclerosis and

PAD. Moreover, statistical tests such as t tests were also

conducted to assess the influence of other variables.

Next, we examined factors associated with the SWT

results using a stepwise multivariate logistic regression

model. We assigned the high SWT results group as a de-

pendent variable and age, BMI, SMI, 10-m walk time,

handgrip strength, FVC (L), FEV1 (L), FEV1/FVC ratio,

and suspected arteriosclerosis population as explanatory

variables.

All statistical analyses were performed with SPSS 20.0

software (SPSS Inc., Chicago, IL, USA). A p\ 0.05 was

considered statistically significant for all analyses.

Results

Measurements of the 149 subjects are summarized in

Table 1. There were significant differences between men

and women in the pack-years index, TUG score, handgrip

strength, SMI, FVC (L), FEV1 (L), FEV1 (%-predicted),

and suspected arteriosclerosis population (p\ 0.05).

Forty-two men and 26 women were classified into the

higher SWT results group and 31 men and 50 women were

classified into the lower SWT results group. Among men,

there were significant differences between higher and

lower SWT results groups in age, BMI, 10-m walk time,

TUG score, SMI, FVC (L), FVC (%-predicted), FEV1 (L),

and FEV1 (%-predicted) (p\ 0.05). In women, there were

significant differences between higher and lower SWT re-

sults groups in age, TUG score, handgrip strength, FVC

(L), FVC (%-predicted), FEV1 (L), and FEV1 (%-predict-

ed) (p\ 0.05).

In the multivariate logistic regression analysis, variables

that remained in the final step of the regression model were

considered to be significantly correlated with a higher SWT

result. In men, these were 10-m walk time (p = 0.001), and

FEV1 (p\ 0.001), whereas in women, age (p\ 0.001) was

the only significantly correlated variable (Table 2).

Discussion

We analyzed the association between SWT results and age,

body composition, motor function, lung function, and

cardiovascular function in community-dwelling elderly

people. We found that younger age, higher FEV1, and

shorter 10-m walk time were associated with higher SWT

results in men, and that younger age associated with higher

SWT results in women. To date, there are few studies of

the relationship between lung function and SWT results in

community-dwelling elderly people. The results of the

present study suggest that maintaining better lung function

and walk speed is the key to preserving endurance in

community-dwelling elderly men.

It has been previously shown that a decrease in FEV1

increases dyspnea during exercise and results in decreased

walk speed and endurance in patients with airflow limita-

tion [13, 30, 31]. We considered that in community-d-

welling elderly populations, a lower capacity for lung

function would increase subjects’ dyspnea during the SWT

test, resulting in decreased walk speed and SWT results.

According to the American College of Chest Physicians

guidelines [32], it is still unclear which lung function is

improved by pulmonary rehabilitation in airflow limitation

patients. Moreover, there are only a few studies that report

that pulmonary rehabilitation improves lung function

among community-dwelling elderly people. Therefore, we

consider that pulmonary exercises, such as improving

thorax and respiratory muscle mobility, and employing

breathing techniques, may sustain better lung function and

preserve endurance performance in this demographic.
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a reliable endurance assessment test. The SWT can be ad-

ministered in the local community; some previous studies

have demonstrated its usefulness for evaluating endurance

in community-dwelling people [9–11]. Moreover, to eval-

uate large numbers of people in varied non-laboratory set-

tings, the SWT is a simpler and low-cost method than the

treadmill test, which is regarded as the most precise en-

durance test for community-dwelling elderly.

In recent years, SWT results have been shown to associate

with various factors such as age [10, 11], sex [11], body

composition [10], gait parameter [7, 10, 12], lung function

[13] and cardiovascular function [14]. However, the enrolled

study subjects were of varied age, and presentedwith an array

of health conditions ranging from healthy subjects to patients

suffering from COPD or heart failure. For the community-

dwelling elderly, investigating the determinants of SWT data

may reveal what function physicians should focus on to in-

crease endurance performance of this demographic. How-

ever, relatively few studies exist that aim to investigate SWT

results in such an age group. Therefore, the aim of the present

study was to determine the factors associated with SWT re-

sults in community-dwelling elderly people.

Materials and methods

Subjects

Elderly community-dwelling subjects were recruited

through local press advertising from November 11–12,

2012. A total of 149 subjects (73 men and 76 women aged

74 ± 4 years) were enrolled upon having met the inclusion

criteria (age C65 years, able to walk independently). Ex-

clusion criteria were using walking aids such as a cane or

walker, having a medical history (or post-operative history)

of severe cardiac, musculoskeletal, or pulmonary disease,

and having significant hearing impairment. Demographic

data including age, body mass index (BMI), and smoking

history were obtained. To assess smoking history, the pack-

years index [15] was calculated for each subject by mul-

tiplying the number of cigarette packs smoked per day by

the number of smoking years.

Written informed consent was obtained from each sub-

ject in accordance with the guidelines of the Kyoto

University Graduate School of Medicine and the 1995

Declaration of Helsinki. This study protocol was approved

by the ethics committee of the Kyoto University Graduate

School of Medicine.

SWT

The SWT required subjects to walk back and forth along a

10-m flat course, with progressive increases in pace

imposed by audio signals, until the subject was no longer

able to maintain the pace. Up to 50 successions of the SWT

were performed (500 m total walking). We divided sub-

jects into two groups based on SWT scores: B40 or[41

[16].

Motor function tests

All subjects were assessed using the 10-m walk test, Timed

Up and Go (TUG) test, and handgrip strength test. In the

10-m walk test, subjects walk along 10-m flat pathways at a

comfortable speed [17]. In the TUG test, participants were

instructed to stand up from a standard chair with a seat

height of 40 cm, walk a distance of 3 m at their fastest

pace, turn, walk back to the chair, and sit down. The time

elapsing from the verbal command to begin the task until

completion was recorded with a stopwatch [18]. The 10-m

walk time and TUG scores were defined as the mean time

in seconds recorded at the subjects’ second trials. In the

handgrip strength test, participants used a hand-held dy-

namometer with the arm kept to the side of the body.

Participants squeezed the dynamometer with maximum

isometric effort. No other body movement was allowed

[19]. The handgrip test score was defined as the better

performance of two trials.

Skeletal muscle mass index (SMI)

A bioelectrical impedance data acquisition system (Inbody

430; Biospace Co., Ltd., Seoul, Korea) was used to deter-

mine body composition [20]. Participants were asked to

stand on two metallic electrodes and hold metallic grip

electrodes while the system applied a constant current of

800 mA at 50 kHz through the body. The data acquisition

system calculated the resistance value and muscle mass of

the respective body parts (right arm, left arm, right leg, left

leg, and trunk). Appendicular skeletal muscle mass was

determined using segmental body composition and muscle

mass excluding the trunk; a value for the appendicular

skeletal muscle mass was determined and used for the

current analysis. SMI was obtained by dividing the ap-

pendicular skeletal muscle mass by the square of height

(kg/m2). This index has been used and well documented in

several epidemiological studies [21].

Lung function

All subjects underwent spirometric evaluation. Forced vital

capacity (FVC), and forced expiratory volume in 1 s

(FEV1) were measured by a spirometer (Spiro Sift SP-370;

Fukuda Denshi Co., Ltd., Tokyo, Japan). Next, we calcu-

lated percent predicted FVC and FEV1, corrected for height

and age. Pulmonary function tests were carried out
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according to the guidelines of the Japanese Respiratory

Society [22]. The formulae for calculating percent pre-

dicted FVC and FEV1 were derived from Japanese criteria

[23]. The FEV1/FVC ratio was also calculated.

Cardiovascular function

All subjects underwent cardio-ankle vascular index (CAVI)

evaluation and ankle brachial index (ABI) evaluation, which

were determined using the VaSera-1500 (Fukuda Denshi

Co., Ltd., Tokyo, Japan) as previously reported [24, 25].

CAVI is a novel method for measuring arterial stiffness.

Until recently, pulse wave velocity (PWV) was the most

popular measure; however, PWV was dependent on blood

pressure at the time of measurement. CAVI was calculated

based on parameter b, independent of blood pressure [26].

Scores B9.00 were considered normal while scores[9.00

were considered indicative of suspected arteriosclerosis

[27]. The ABI described the arterial occlusion with a ratio

of the ankle to brachial systolic blood pressure [28]. Nor-

mal values 0.91 B ABI B 1.30 and values B0.90 indicated

suspected peripheral artery disease (PAD) [29].

When measuring CAVI and ABI, subjects were supine

and had blood pressure cuffs on both of the brachia and

ankles. Measurements were taken once per subject, and

mean values of the right and left CAVI and ABI scores were

calculated. Using these index values, we calculated the

population (%) with suspected arteriosclerosis and PAD.

Statistical analyses

We analyzed the difference in each variable between men

and women, and between subjects with higher and lower

SWT results. We performed a Chi-squared (v2) test to

analyze the population with suspected arteriosclerosis and

PAD. Moreover, statistical tests such as t tests were also

conducted to assess the influence of other variables.

Next, we examined factors associated with the SWT

results using a stepwise multivariate logistic regression

model. We assigned the high SWT results group as a de-

pendent variable and age, BMI, SMI, 10-m walk time,

handgrip strength, FVC (L), FEV1 (L), FEV1/FVC ratio,

and suspected arteriosclerosis population as explanatory

variables.

All statistical analyses were performed with SPSS 20.0

software (SPSS Inc., Chicago, IL, USA). A p\ 0.05 was

considered statistically significant for all analyses.

Results

Measurements of the 149 subjects are summarized in

Table 1. There were significant differences between men

and women in the pack-years index, TUG score, handgrip

strength, SMI, FVC (L), FEV1 (L), FEV1 (%-predicted),

and suspected arteriosclerosis population (p\ 0.05).

Forty-two men and 26 women were classified into the

higher SWT results group and 31 men and 50 women were

classified into the lower SWT results group. Among men,

there were significant differences between higher and

lower SWT results groups in age, BMI, 10-m walk time,

TUG score, SMI, FVC (L), FVC (%-predicted), FEV1 (L),

and FEV1 (%-predicted) (p\ 0.05). In women, there were

significant differences between higher and lower SWT re-

sults groups in age, TUG score, handgrip strength, FVC

(L), FVC (%-predicted), FEV1 (L), and FEV1 (%-predict-

ed) (p\ 0.05).

In the multivariate logistic regression analysis, variables

that remained in the final step of the regression model were

considered to be significantly correlated with a higher SWT

result. In men, these were 10-m walk time (p = 0.001), and

FEV1 (p\ 0.001), whereas in women, age (p\ 0.001) was

the only significantly correlated variable (Table 2).

Discussion

We analyzed the association between SWT results and age,

body composition, motor function, lung function, and

cardiovascular function in community-dwelling elderly

people. We found that younger age, higher FEV1, and

shorter 10-m walk time were associated with higher SWT

results in men, and that younger age associated with higher

SWT results in women. To date, there are few studies of

the relationship between lung function and SWT results in

community-dwelling elderly people. The results of the

present study suggest that maintaining better lung function

and walk speed is the key to preserving endurance in

community-dwelling elderly men.

It has been previously shown that a decrease in FEV1

increases dyspnea during exercise and results in decreased

walk speed and endurance in patients with airflow limita-

tion [13, 30, 31]. We considered that in community-d-

welling elderly populations, a lower capacity for lung

function would increase subjects’ dyspnea during the SWT

test, resulting in decreased walk speed and SWT results.

According to the American College of Chest Physicians

guidelines [32], it is still unclear which lung function is

improved by pulmonary rehabilitation in airflow limitation

patients. Moreover, there are only a few studies that report

that pulmonary rehabilitation improves lung function

among community-dwelling elderly people. Therefore, we

consider that pulmonary exercises, such as improving

thorax and respiratory muscle mobility, and employing

breathing techniques, may sustain better lung function and

preserve endurance performance in this demographic.
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Further investigation, such as measuring dyspnea following

the SWT, is needed to prove this hypothesis. In addition,

we demonstrated an association between lung function and

endurance exclusively among men. This may be attributed

to the difference in smoking history between men and

women in our study. As shown in Table 1, compared to

women, men had a significantly higher pack-years index

and significantly lower FEV1. Smoking is one of the

strongest risk factors for respiratory disease [33]. Our re-

sults in community-dwelling elderly men indicate that

smoking may decrease lung function, resulting in lower

SWT results. To better understand the association between

lung function and endurance in community-dwelling

elderly women, further research should be conducted in

another population that includes women with a history of

smoking.

We have shown that age associates with SWT results in

women. Reports indicate that age can adversely affect a

person’s cardiovascular function and endurance level [34,

35]. Moreover, it is possible to separate factors that affect

endurance according to utilization theory and presentation

theory [36]. Utilization theory acts on the premise that

endurance is determined by the oxygen (O2)-consuming

parties, while presentation theory states that it is deter-

mined by the O2-supplying party. Saltin et al. [36] showed

that endurance is more markedly affected by O2 presenta-

tion than by utilization. In the present study, lung function,

considered to be a presentation theory component, affected

endurance performance more so than SMI, cardiovascular

function, and motor function, which are components of the

utilization theory. We also considered that our findings,

with regard to age, may be associated with low cardiac

function, which could potentially yield decreased SWT

results. It would have been beneficial to additionally

measure cardiovascular function parameters, such as stroke

volume and pulse.

There are several limitations to the scope of our re-

search. First, because this is a cross-sectional study, the

causal relationship between endurance and lung function,

walk speed, or age is uncertain. Moreover, the study

sample did not include women with a history of smoking.

As smoking history has great impact on lung function, this

may be a source of sampling bias; therefore, the scope of

our investigation should be extended to subjects in other

communities. Another source of study limitation is that we

were unable to assess other SWT-affecting factors,

although these may indeed affect SWT results. In addition

to cardiovascular function and dyspnea factors, previous

studies have shown that step length can affect SWT or

6-min walk test results [7, 37]. Thus, further analysis

should be undertaken to identify additional factors that may

be of importance to endurance performance.

Conclusion

We found a significant association between lung function,

walk speed, and SWT results in community-dwelling

elderly men, and between age and SWT results in women.

In this society, prevention for bedridden and taking care is

an important issue in terms of medical economics. Elderly

men with a high level of expiratory function display high

endurance performance. Although this is a cross-sectional

study, our results may help advise physicians of ways in

which they can promote endurance performance among the

elderly, through focusing and adapting community exercise

programs. However, further investigation is required to

assess the impact of cardiovascular function on SWT re-

sults in community-dwelling elderly populations.
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Further investigation, such as measuring dyspnea following

the SWT, is needed to prove this hypothesis. In addition,

we demonstrated an association between lung function and

endurance exclusively among men. This may be attributed

to the difference in smoking history between men and

women in our study. As shown in Table 1, compared to

women, men had a significantly higher pack-years index

and significantly lower FEV1. Smoking is one of the

strongest risk factors for respiratory disease [33]. Our re-

sults in community-dwelling elderly men indicate that

smoking may decrease lung function, resulting in lower

SWT results. To better understand the association between

lung function and endurance in community-dwelling

elderly women, further research should be conducted in

another population that includes women with a history of

smoking.

We have shown that age associates with SWT results in

women. Reports indicate that age can adversely affect a

person’s cardiovascular function and endurance level [34,

35]. Moreover, it is possible to separate factors that affect

endurance according to utilization theory and presentation

theory [36]. Utilization theory acts on the premise that

endurance is determined by the oxygen (O2)-consuming

parties, while presentation theory states that it is deter-

mined by the O2-supplying party. Saltin et al. [36] showed

that endurance is more markedly affected by O2 presenta-

tion than by utilization. In the present study, lung function,

considered to be a presentation theory component, affected

endurance performance more so than SMI, cardiovascular

function, and motor function, which are components of the

utilization theory. We also considered that our findings,

with regard to age, may be associated with low cardiac

function, which could potentially yield decreased SWT

results. It would have been beneficial to additionally

measure cardiovascular function parameters, such as stroke

volume and pulse.

There are several limitations to the scope of our re-

search. First, because this is a cross-sectional study, the

causal relationship between endurance and lung function,

walk speed, or age is uncertain. Moreover, the study

sample did not include women with a history of smoking.

As smoking history has great impact on lung function, this

may be a source of sampling bias; therefore, the scope of

our investigation should be extended to subjects in other

communities. Another source of study limitation is that we

were unable to assess other SWT-affecting factors,

although these may indeed affect SWT results. In addition

to cardiovascular function and dyspnea factors, previous

studies have shown that step length can affect SWT or

6-min walk test results [7, 37]. Thus, further analysis

should be undertaken to identify additional factors that may

be of importance to endurance performance.

Conclusion

We found a significant association between lung function,

walk speed, and SWT results in community-dwelling

elderly men, and between age and SWT results in women.

In this society, prevention for bedridden and taking care is

an important issue in terms of medical economics. Elderly

men with a high level of expiratory function display high

endurance performance. Although this is a cross-sectional

study, our results may help advise physicians of ways in

which they can promote endurance performance among the

elderly, through focusing and adapting community exercise

programs. However, further investigation is required to

assess the impact of cardiovascular function on SWT re-

sults in community-dwelling elderly populations.
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Further investigation, such as measuring dyspnea following

the SWT, is needed to prove this hypothesis. In addition,

we demonstrated an association between lung function and

endurance exclusively among men. This may be attributed

to the difference in smoking history between men and

women in our study. As shown in Table 1, compared to

women, men had a significantly higher pack-years index

and significantly lower FEV1. Smoking is one of the

strongest risk factors for respiratory disease [33]. Our re-

sults in community-dwelling elderly men indicate that

smoking may decrease lung function, resulting in lower

SWT results. To better understand the association between

lung function and endurance in community-dwelling

elderly women, further research should be conducted in

another population that includes women with a history of

smoking.

We have shown that age associates with SWT results in

women. Reports indicate that age can adversely affect a

person’s cardiovascular function and endurance level [34,

35]. Moreover, it is possible to separate factors that affect

endurance according to utilization theory and presentation

theory [36]. Utilization theory acts on the premise that

endurance is determined by the oxygen (O2)-consuming

parties, while presentation theory states that it is deter-

mined by the O2-supplying party. Saltin et al. [36] showed

that endurance is more markedly affected by O2 presenta-

tion than by utilization. In the present study, lung function,

considered to be a presentation theory component, affected

endurance performance more so than SMI, cardiovascular

function, and motor function, which are components of the

utilization theory. We also considered that our findings,

with regard to age, may be associated with low cardiac

function, which could potentially yield decreased SWT

results. It would have been beneficial to additionally

measure cardiovascular function parameters, such as stroke

volume and pulse.

There are several limitations to the scope of our re-

search. First, because this is a cross-sectional study, the

causal relationship between endurance and lung function,

walk speed, or age is uncertain. Moreover, the study

sample did not include women with a history of smoking.

As smoking history has great impact on lung function, this

may be a source of sampling bias; therefore, the scope of

our investigation should be extended to subjects in other

communities. Another source of study limitation is that we

were unable to assess other SWT-affecting factors,

although these may indeed affect SWT results. In addition

to cardiovascular function and dyspnea factors, previous

studies have shown that step length can affect SWT or

6-min walk test results [7, 37]. Thus, further analysis

should be undertaken to identify additional factors that may

be of importance to endurance performance.

Conclusion

We found a significant association between lung function,

walk speed, and SWT results in community-dwelling

elderly men, and between age and SWT results in women.

In this society, prevention for bedridden and taking care is

an important issue in terms of medical economics. Elderly

men with a high level of expiratory function display high

endurance performance. Although this is a cross-sectional

study, our results may help advise physicians of ways in

which they can promote endurance performance among the

elderly, through focusing and adapting community exercise

programs. However, further investigation is required to

assess the impact of cardiovascular function on SWT re-

sults in community-dwelling elderly populations.
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Further investigation, such as measuring dyspnea following

the SWT, is needed to prove this hypothesis. In addition,

we demonstrated an association between lung function and

endurance exclusively among men. This may be attributed

to the difference in smoking history between men and

women in our study. As shown in Table 1, compared to

women, men had a significantly higher pack-years index

and significantly lower FEV1. Smoking is one of the

strongest risk factors for respiratory disease [33]. Our re-

sults in community-dwelling elderly men indicate that

smoking may decrease lung function, resulting in lower

SWT results. To better understand the association between

lung function and endurance in community-dwelling

elderly women, further research should be conducted in

another population that includes women with a history of

smoking.

We have shown that age associates with SWT results in

women. Reports indicate that age can adversely affect a

person’s cardiovascular function and endurance level [34,

35]. Moreover, it is possible to separate factors that affect

endurance according to utilization theory and presentation

theory [36]. Utilization theory acts on the premise that

endurance is determined by the oxygen (O2)-consuming

parties, while presentation theory states that it is deter-

mined by the O2-supplying party. Saltin et al. [36] showed

that endurance is more markedly affected by O2 presenta-

tion than by utilization. In the present study, lung function,

considered to be a presentation theory component, affected

endurance performance more so than SMI, cardiovascular

function, and motor function, which are components of the

utilization theory. We also considered that our findings,

with regard to age, may be associated with low cardiac

function, which could potentially yield decreased SWT

results. It would have been beneficial to additionally

measure cardiovascular function parameters, such as stroke

volume and pulse.

There are several limitations to the scope of our re-

search. First, because this is a cross-sectional study, the

causal relationship between endurance and lung function,

walk speed, or age is uncertain. Moreover, the study

sample did not include women with a history of smoking.

As smoking history has great impact on lung function, this

may be a source of sampling bias; therefore, the scope of

our investigation should be extended to subjects in other

communities. Another source of study limitation is that we

were unable to assess other SWT-affecting factors,

although these may indeed affect SWT results. In addition

to cardiovascular function and dyspnea factors, previous

studies have shown that step length can affect SWT or

6-min walk test results [7, 37]. Thus, further analysis

should be undertaken to identify additional factors that may

be of importance to endurance performance.

Conclusion

We found a significant association between lung function,

walk speed, and SWT results in community-dwelling

elderly men, and between age and SWT results in women.

In this society, prevention for bedridden and taking care is

an important issue in terms of medical economics. Elderly

men with a high level of expiratory function display high

endurance performance. Although this is a cross-sectional

study, our results may help advise physicians of ways in

which they can promote endurance performance among the

elderly, through focusing and adapting community exercise

programs. However, further investigation is required to

assess the impact of cardiovascular function on SWT re-

sults in community-dwelling elderly populations.
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Abstract

Background and aims The aim of this study was to

investigate the physiological characteristics of community-

dwelling elderly subjects, aged C65 years, with airflow

limitation in the Japanese community.

Methods Subjects were recruited through local press

advertisement, and 180 individuals were enrolled. Data on

age, body mass index (BMI), gender, smoking history, and

past medical history were obtained, as were pulmonary

function parameters, skeletal muscle mass index, and

physical activity.

Results The final study population comprised 161 par-

ticipants from whom we obtained valid spirometry results.

The mean age of this population was 73.4 ± 4.4 years, and

78 participants (48.4 %) were men. The prevalence of

airflow limitation was 29.2 % (n = 47). Subjects with

airflow limitation were significantly older (P = 0.01) and

had poorer pulmonary function (P\ 0.01), lower BMI

(P\ 0.01), and lower skeletal muscle mass index

(P = 0.03) than healthy elderly subjects. Furthermore,

skeletal muscle mass index was significantly correlated

with the percentage of predicted forced vital capacity

(r = 0.45, P\ 0.05) and forced expiratory volume in 1 s

(r = 0.50, P\ 0.05) only in men with airflow limitation.

Conclusions We found that the skeletal muscle mass

index was significantly reduced in community-dwelling

elderly with airflow limitation, and the skeletal muscle

mass index was correlated with pulmonary function only in

men with airflow limitation.

Keywords Airflow limitation � Pulmonary function �
Skeletal muscle mass index � Community-dwelling

elderly � Japanese

Introduction

Chronic obstructive pulmonary disease (COPD) is char-

acterized by airflow limitation [1] that is usually progres-

sive and irreversible [2]. Today, COPD is a global health

problem and is predicted to become the fifth most common

cause of disability in the world by 2020 [3] and the third

largest cause of death by 2030 [4]. The prognosis of COPD

is strongly influenced by the severity level of the airflow

limitation [5]. The Nippon COPD Epidemiology (NICE)

Study reported that Japan has an estimated 5.3 million

subjects with airflow limitation [6]. Of them, 5 million

(95 %) remain undiagnosed within the community, and

only some patients received treatment in the hospital.

Therefore, early detection of subjects with airflow limita-

tion in the community is very important.

Early detection of cases has the potential to reduce the

future burden of COPD for both morbidity and mortality

[7]. However, COPD is frequently diagnosed at a relatively

late stage of the disease, probably because early symptoms

of the disease are subtle and unrecognized due to individual

perception and interpretation. Early symptoms of the
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Abstract

Background and aims The aim of this study was to

investigate the physiological characteristics of community-

dwelling elderly subjects, aged C65 years, with airflow

limitation in the Japanese community.

Methods Subjects were recruited through local press

advertisement, and 180 individuals were enrolled. Data on

age, body mass index (BMI), gender, smoking history, and

past medical history were obtained, as were pulmonary

function parameters, skeletal muscle mass index, and

physical activity.

Results The final study population comprised 161 par-

ticipants from whom we obtained valid spirometry results.

The mean age of this population was 73.4 ± 4.4 years, and

78 participants (48.4 %) were men. The prevalence of

airflow limitation was 29.2 % (n = 47). Subjects with

airflow limitation were significantly older (P = 0.01) and

had poorer pulmonary function (P\ 0.01), lower BMI

(P\ 0.01), and lower skeletal muscle mass index

(P = 0.03) than healthy elderly subjects. Furthermore,

skeletal muscle mass index was significantly correlated

with the percentage of predicted forced vital capacity

(r = 0.45, P\ 0.05) and forced expiratory volume in 1 s

(r = 0.50, P\ 0.05) only in men with airflow limitation.

Conclusions We found that the skeletal muscle mass

index was significantly reduced in community-dwelling

elderly with airflow limitation, and the skeletal muscle

mass index was correlated with pulmonary function only in

men with airflow limitation.

Keywords Airflow limitation � Pulmonary function �
Skeletal muscle mass index � Community-dwelling

elderly � Japanese

Introduction

Chronic obstructive pulmonary disease (COPD) is char-

acterized by airflow limitation [1] that is usually progres-

sive and irreversible [2]. Today, COPD is a global health

problem and is predicted to become the fifth most common

cause of disability in the world by 2020 [3] and the third

largest cause of death by 2030 [4]. The prognosis of COPD

is strongly influenced by the severity level of the airflow

limitation [5]. The Nippon COPD Epidemiology (NICE)

Study reported that Japan has an estimated 5.3 million

subjects with airflow limitation [6]. Of them, 5 million

(95 %) remain undiagnosed within the community, and

only some patients received treatment in the hospital.

Therefore, early detection of subjects with airflow limita-

tion in the community is very important.

Early detection of cases has the potential to reduce the

future burden of COPD for both morbidity and mortality

[7]. However, COPD is frequently diagnosed at a relatively

late stage of the disease, probably because early symptoms

of the disease are subtle and unrecognized due to individual

perception and interpretation. Early symptoms of the
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Abstract

Background and aims The aim of this study was to

investigate the physiological characteristics of community-

dwelling elderly subjects, aged C65 years, with airflow

limitation in the Japanese community.

Methods Subjects were recruited through local press

advertisement, and 180 individuals were enrolled. Data on

age, body mass index (BMI), gender, smoking history, and

past medical history were obtained, as were pulmonary

function parameters, skeletal muscle mass index, and

physical activity.

Results The final study population comprised 161 par-

ticipants from whom we obtained valid spirometry results.

The mean age of this population was 73.4 ± 4.4 years, and

78 participants (48.4 %) were men. The prevalence of

airflow limitation was 29.2 % (n = 47). Subjects with

airflow limitation were significantly older (P = 0.01) and

had poorer pulmonary function (P\ 0.01), lower BMI

(P\ 0.01), and lower skeletal muscle mass index

(P = 0.03) than healthy elderly subjects. Furthermore,

skeletal muscle mass index was significantly correlated

with the percentage of predicted forced vital capacity

(r = 0.45, P\ 0.05) and forced expiratory volume in 1 s

(r = 0.50, P\ 0.05) only in men with airflow limitation.

Conclusions We found that the skeletal muscle mass

index was significantly reduced in community-dwelling

elderly with airflow limitation, and the skeletal muscle

mass index was correlated with pulmonary function only in

men with airflow limitation.

Keywords Airflow limitation � Pulmonary function �
Skeletal muscle mass index � Community-dwelling

elderly � Japanese

Introduction

Chronic obstructive pulmonary disease (COPD) is char-

acterized by airflow limitation [1] that is usually progres-

sive and irreversible [2]. Today, COPD is a global health

problem and is predicted to become the fifth most common

cause of disability in the world by 2020 [3] and the third

largest cause of death by 2030 [4]. The prognosis of COPD

is strongly influenced by the severity level of the airflow

limitation [5]. The Nippon COPD Epidemiology (NICE)

Study reported that Japan has an estimated 5.3 million

subjects with airflow limitation [6]. Of them, 5 million

(95 %) remain undiagnosed within the community, and

only some patients received treatment in the hospital.

Therefore, early detection of subjects with airflow limita-

tion in the community is very important.

Early detection of cases has the potential to reduce the

future burden of COPD for both morbidity and mortality

[7]. However, COPD is frequently diagnosed at a relatively

late stage of the disease, probably because early symptoms

of the disease are subtle and unrecognized due to individual

perception and interpretation. Early symptoms of the
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disease may not be evident, even though spirometry reveals

airflow limitation. Therefore, even if there are no sub-

jective clinical symptoms, early detection of community-

dwelling elderly subjects with airflow limitation using

spirometry is a major social issue that should be tackled

immediately.

To date, many previous studies focused on physio-

logical characteristics have investigated COPD patients.

It is known that COPD has a negative influence not only

on respiratory function but also on the whole body,

being associated with systemic inflammation, cardiovas-

cular disease, osteoporosis, and changes in body com-

position such as weight loss [8]. Although many studies

report on the association between body composition and

exercise function in COPD patients [9, 10], skeletal

muscle wasting is of particular interest in that because it

directly influences exercise performance [11] and is

associated with poor health-related quality of life [12]. Ju

and Chen [13] demonstrated that total-body skeletal

muscle mass was significantly decreased in COPD

patients compared with controls. In addition, Ischaki

et al. [14] demonstrated that lean total skeletal muscle

mass is associated with pulmonary function. Although

these effects have been well described in COPD patients,

no studies have been published on such physiological

characteristics related to an adverse prognosis in com-

munity-dwelling elderly Japanese, aged C65 years, with

airflow limitation.

Therefore, the purpose of this study was to investigate

physiological characteristics of community-dwelling

elderly Japanese with airflow limitation aged C65 years.

Materials and methods

Participants

Elderly community-dwelling subjects aged C65 years were

recruited through local press advertisement, and 180 par-

ticipants were enrolled. The inclusion criteria were age

C65 years, living in the community, and the ability to walk

independently (or with a cane). The exclusion criteria were

cognitive impairment, severe cardiac or musculoskeletal

disorders, previously diagnosed pulmonary disease, and

hearing impairment. Written informed consent was

obtained from each participant in accordance with the

guidelines of the Kyoto University Graduate School of

Medicine and the Declaration of Human Rights, Helsinki,

1995. This study protocol was approved by the ethical

committee of the Kyoto University Graduate School of

Medicine.

Measurements

Demographic data

Data on age, body mass index (BMI), gender, smoking

history, and past medical history (hypertension, hyper-

lipidemia, diabetes mellitus, cardiovascular disease, and

osteoporosis) were obtained. All subjects completed a

self-reported questionnaire on smoking history and past

medical history. All data were collected at study onset.

Furthermore, the pack-year index was calculated for each

subject by multiplying the number of cigarette packs

smoked per day by the number of smoking years [15].

Pulmonary function tests

All subjects underwent spirometric evaluation. Pulmon-

ary function tests were carried out according to the

guidelines of the Japanese Respiratory Society [16]. In

the recent global initiative for chronic obstructive lung

disease (GOLD) guideline, all values for forced expira-

tory volume in 1 s (FEV1) refer to post-bronchodilator

FEV1, but our values were obtained without a broncho-

dilator. Forced vital capacity (FVC), FEV1, and peak

flow were measured by spirometry (Spiro Sift SP-370;

Fukuda Denshi Co., Ltd, Tokyo, Japan). After that, we

calculated FVC % predicted and FEV1 % predicted,

corrected by height and age. The formulae for calculat-

ing FVC % predicted and FEV1 % predicted were

derived from the Japanese criteria [17]. Airflow limita-

tion was defined as a ratio of FEV1/FVC of\70 % [18].

The severity of airflow limitation was based on FEV1 %

predicted, in accordance with the GOLD criteria

(FEV1 C 80 % predicted, mild; FEV1 50–79 % pre-

dicted, moderate; FEV1 30–49 % predicted, severe;

FEV1\ 30 % predicted, very severe) [19].

Skeletal muscle mass index (SMI)

A bioelectrical impedance data acquisition system (Inbody

430; Biospace Co., Ltd, Seoul, Korea) was used to deter-

mine bioelectrical impedance. This system applies a con-

stant current of 800 mA at 50 kHz through the body.

Participants stood on 2 metallic electrodes and held

metallic grip electrodes. Appendicular skeletal muscle

mass was determined using segmental body composition

and muscle mass, and the value for the appendicular

skeletal muscle mass was determined and used for the

present analysis. SMI was obtained by dividing the

appendicular skeletal muscle mass by the square of height

(kg/m2) [20].
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Physical activity

We distributed pedometers and note paper to participants

for recording physical activity. Participants were asked to

wear the pedometer in the pocket of their dominant leg for

14 consecutive days except when bathing, sleeping, and

performing water-based activities. The pedometers had

30-day data storage capacity. The reproducibility and

validity of the pedometers in counting walking steps have

been previously established in healthy people [21]. The

pedometers and note papers were sent to our laboratory by

mail after 2 weeks. We calculated averages of daily step

counts for 2 weeks.

Statistical analyses

The participants were divided into two groups: those with

airflow limitation and those who were healthy. We statis-

tically analyzed the differences between the 2 groups using

the unpaired t test for age, pulmonary function, body

composition, and physical activity, and the v2 test for

gender, smoking history, and past medical history. The

correlation between SMI and pulmonary function was

analyzed using Pearson’s correlation analysis. Addition-

ally, partial correlation analysis controlling for the variable

of age was carried out subsequently to assess the influence

of age on SMI and pulmonary function. All statistical

analyses were performed with SPSS version 20.0 software

(SPSS Inc., Chicago, IL, USA). The level of statistical

significance was set at P\ 0.05 for all analyses.

Results

Prevalence of airflow limitation

Of 180 initially selected community-dwelling elderly Jap-

anese aged C65 years, 19 were excluded owing to invalid

spirometry results. Thus, the study population comprised

161 community-dwelling elderly. The mean age of this

population was 73.4 ± 4.4 years, and 78 (48.4 %) partic-

ipants were men. Undiagnosed Airflow limitation existed

in 29.2 % (n = 47) of the study population. According to

the GOLD stage classification, 31.9 % (n = 15) of

participants were classified as mild, 61.7 % (n = 29) as

moderate, and 6.4 % (n = 3) as severe; no participants

were classified as very severe (Table 1). Regarding

smoking history, the smoking rate was 39.8 % (n = 64) in

the entire population and 34.0 % (n = 16) in airflow lim-

itation subjects.

Comparison of characteristics between airflow

limitation subjects and healthy older subjects

Demographic characteristics for the airflow limitation

subjects and healthy elderly subjects are shown in Table 2.

Subjects with airflow limitation were older (P = 0.01) and

had poorer pulmonary function (FVC % predicted,

P = 0.03; FEV1, FEV1 % predicted, FEV1/FVC, and peak

flow, P\ 0.01) and lower BMI (P\ 0.01) than healthy

elderly subjects. In addition, the SMI of those with airflow

limitation was 6.3 ± 0.9 kg/m2, whereas that of healthy

elderly subjects was 6.6 ± 1.0 kg/m2; this difference was

statistically significant (Fig. 1, P = 0.03). Furthermore,

physical activity of those with airflow limitation was

6,601 ± 2,650 steps/day, whereas that of healthy elderly

subjects was 7,553 ± 3,237 steps/day; although the dif-

ference in physical activity was not significant, it tended to

be lower in those with airflow limitation.

Correlation between SMI and pulmonary function

SMI was significantly positively correlated with FVC %

predicted (r = 0.45, P\ 0.05) and FEV1 % predicted

(r = 0.50, P\ 0.05) in men with airflow limitation, but no

correlation was found in women with airflow limitation.

This significant correlation in men with airflow limitation

was apparent after controlling for age using partial corre-

lation analysis (FVC % predicted, r = 0.48; FEV1 % pre-

dicted, r = 0.48). By contrast, there was no correlation

between SMI and pulmonary function in healthy elderly

subjects, as shown in Table 3.

Discussion

This cross-sectional study provides two new findings. First,

compared with healthy elderly subjects, SMI was

Table 1 Distribution according

to the severity of airflow

limitation

Values are shown as n (%);

FEV1 forced expiratory volume

in 1 s

Mild Moderate Severe Very severe Total

(FEV1 C 80 %

predicted)

(50 % B FEV1\ 80 %

predicted)

(30 % B FEV1\ 50 %

predicted)

(FEV1\ 30 %

predicted)

Gender

Overall 15 (31.9) 29 (61.7) 3 (6.4) 0 (0.0) 47

Male 3 (12.0) 20 (80.0) 2 (8.0) 0 (0.0) 25

Female 12 (54.5) 9 (40.9) 1 (4.6) 0 (0.0) 22
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disease may not be evident, even though spirometry reveals

airflow limitation. Therefore, even if there are no sub-

jective clinical symptoms, early detection of community-

dwelling elderly subjects with airflow limitation using

spirometry is a major social issue that should be tackled

immediately.

To date, many previous studies focused on physio-

logical characteristics have investigated COPD patients.

It is known that COPD has a negative influence not only

on respiratory function but also on the whole body,

being associated with systemic inflammation, cardiovas-

cular disease, osteoporosis, and changes in body com-

position such as weight loss [8]. Although many studies

report on the association between body composition and

exercise function in COPD patients [9, 10], skeletal

muscle wasting is of particular interest in that because it

directly influences exercise performance [11] and is

associated with poor health-related quality of life [12]. Ju

and Chen [13] demonstrated that total-body skeletal

muscle mass was significantly decreased in COPD

patients compared with controls. In addition, Ischaki

et al. [14] demonstrated that lean total skeletal muscle

mass is associated with pulmonary function. Although

these effects have been well described in COPD patients,

no studies have been published on such physiological

characteristics related to an adverse prognosis in com-

munity-dwelling elderly Japanese, aged C65 years, with

airflow limitation.

Therefore, the purpose of this study was to investigate

physiological characteristics of community-dwelling

elderly Japanese with airflow limitation aged C65 years.

Materials and methods

Participants

Elderly community-dwelling subjects aged C65 years were

recruited through local press advertisement, and 180 par-

ticipants were enrolled. The inclusion criteria were age

C65 years, living in the community, and the ability to walk

independently (or with a cane). The exclusion criteria were

cognitive impairment, severe cardiac or musculoskeletal

disorders, previously diagnosed pulmonary disease, and

hearing impairment. Written informed consent was

obtained from each participant in accordance with the

guidelines of the Kyoto University Graduate School of

Medicine and the Declaration of Human Rights, Helsinki,

1995. This study protocol was approved by the ethical

committee of the Kyoto University Graduate School of

Medicine.

Measurements

Demographic data

Data on age, body mass index (BMI), gender, smoking

history, and past medical history (hypertension, hyper-

lipidemia, diabetes mellitus, cardiovascular disease, and

osteoporosis) were obtained. All subjects completed a

self-reported questionnaire on smoking history and past

medical history. All data were collected at study onset.

Furthermore, the pack-year index was calculated for each

subject by multiplying the number of cigarette packs

smoked per day by the number of smoking years [15].

Pulmonary function tests

All subjects underwent spirometric evaluation. Pulmon-

ary function tests were carried out according to the

guidelines of the Japanese Respiratory Society [16]. In

the recent global initiative for chronic obstructive lung

disease (GOLD) guideline, all values for forced expira-

tory volume in 1 s (FEV1) refer to post-bronchodilator

FEV1, but our values were obtained without a broncho-

dilator. Forced vital capacity (FVC), FEV1, and peak

flow were measured by spirometry (Spiro Sift SP-370;

Fukuda Denshi Co., Ltd, Tokyo, Japan). After that, we

calculated FVC % predicted and FEV1 % predicted,

corrected by height and age. The formulae for calculat-

ing FVC % predicted and FEV1 % predicted were

derived from the Japanese criteria [17]. Airflow limita-

tion was defined as a ratio of FEV1/FVC of\70 % [18].

The severity of airflow limitation was based on FEV1 %

predicted, in accordance with the GOLD criteria

(FEV1 C 80 % predicted, mild; FEV1 50–79 % pre-

dicted, moderate; FEV1 30–49 % predicted, severe;

FEV1\ 30 % predicted, very severe) [19].

Skeletal muscle mass index (SMI)

A bioelectrical impedance data acquisition system (Inbody

430; Biospace Co., Ltd, Seoul, Korea) was used to deter-

mine bioelectrical impedance. This system applies a con-

stant current of 800 mA at 50 kHz through the body.

Participants stood on 2 metallic electrodes and held

metallic grip electrodes. Appendicular skeletal muscle

mass was determined using segmental body composition

and muscle mass, and the value for the appendicular

skeletal muscle mass was determined and used for the

present analysis. SMI was obtained by dividing the

appendicular skeletal muscle mass by the square of height

(kg/m2) [20].
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Physical activity

We distributed pedometers and note paper to participants

for recording physical activity. Participants were asked to

wear the pedometer in the pocket of their dominant leg for

14 consecutive days except when bathing, sleeping, and

performing water-based activities. The pedometers had

30-day data storage capacity. The reproducibility and

validity of the pedometers in counting walking steps have

been previously established in healthy people [21]. The

pedometers and note papers were sent to our laboratory by

mail after 2 weeks. We calculated averages of daily step

counts for 2 weeks.

Statistical analyses

The participants were divided into two groups: those with

airflow limitation and those who were healthy. We statis-

tically analyzed the differences between the 2 groups using

the unpaired t test for age, pulmonary function, body

composition, and physical activity, and the v2 test for

gender, smoking history, and past medical history. The

correlation between SMI and pulmonary function was

analyzed using Pearson’s correlation analysis. Addition-

ally, partial correlation analysis controlling for the variable

of age was carried out subsequently to assess the influence

of age on SMI and pulmonary function. All statistical

analyses were performed with SPSS version 20.0 software

(SPSS Inc., Chicago, IL, USA). The level of statistical

significance was set at P\ 0.05 for all analyses.

Results

Prevalence of airflow limitation

Of 180 initially selected community-dwelling elderly Jap-

anese aged C65 years, 19 were excluded owing to invalid

spirometry results. Thus, the study population comprised

161 community-dwelling elderly. The mean age of this

population was 73.4 ± 4.4 years, and 78 (48.4 %) partic-

ipants were men. Undiagnosed Airflow limitation existed

in 29.2 % (n = 47) of the study population. According to

the GOLD stage classification, 31.9 % (n = 15) of

participants were classified as mild, 61.7 % (n = 29) as

moderate, and 6.4 % (n = 3) as severe; no participants

were classified as very severe (Table 1). Regarding

smoking history, the smoking rate was 39.8 % (n = 64) in

the entire population and 34.0 % (n = 16) in airflow lim-

itation subjects.

Comparison of characteristics between airflow

limitation subjects and healthy older subjects

Demographic characteristics for the airflow limitation

subjects and healthy elderly subjects are shown in Table 2.

Subjects with airflow limitation were older (P = 0.01) and

had poorer pulmonary function (FVC % predicted,

P = 0.03; FEV1, FEV1 % predicted, FEV1/FVC, and peak

flow, P\ 0.01) and lower BMI (P\ 0.01) than healthy

elderly subjects. In addition, the SMI of those with airflow

limitation was 6.3 ± 0.9 kg/m2, whereas that of healthy

elderly subjects was 6.6 ± 1.0 kg/m2; this difference was

statistically significant (Fig. 1, P = 0.03). Furthermore,

physical activity of those with airflow limitation was

6,601 ± 2,650 steps/day, whereas that of healthy elderly

subjects was 7,553 ± 3,237 steps/day; although the dif-

ference in physical activity was not significant, it tended to

be lower in those with airflow limitation.

Correlation between SMI and pulmonary function

SMI was significantly positively correlated with FVC %

predicted (r = 0.45, P\ 0.05) and FEV1 % predicted

(r = 0.50, P\ 0.05) in men with airflow limitation, but no

correlation was found in women with airflow limitation.

This significant correlation in men with airflow limitation

was apparent after controlling for age using partial corre-

lation analysis (FVC % predicted, r = 0.48; FEV1 % pre-

dicted, r = 0.48). By contrast, there was no correlation

between SMI and pulmonary function in healthy elderly

subjects, as shown in Table 3.

Discussion

This cross-sectional study provides two new findings. First,

compared with healthy elderly subjects, SMI was

Table 1 Distribution according

to the severity of airflow

limitation

Values are shown as n (%);

FEV1 forced expiratory volume

in 1 s

Mild Moderate Severe Very severe Total

(FEV1 C 80 %

predicted)

(50 % B FEV1\ 80 %

predicted)

(30 % B FEV1\ 50 %

predicted)

(FEV1\ 30 %

predicted)

Gender

Overall 15 (31.9) 29 (61.7) 3 (6.4) 0 (0.0) 47

Male 3 (12.0) 20 (80.0) 2 (8.0) 0 (0.0) 25

Female 12 (54.5) 9 (40.9) 1 (4.6) 0 (0.0) 22
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disease may not be evident, even though spirometry reveals

airflow limitation. Therefore, even if there are no sub-

jective clinical symptoms, early detection of community-

dwelling elderly subjects with airflow limitation using

spirometry is a major social issue that should be tackled

immediately.

To date, many previous studies focused on physio-

logical characteristics have investigated COPD patients.

It is known that COPD has a negative influence not only

on respiratory function but also on the whole body,

being associated with systemic inflammation, cardiovas-

cular disease, osteoporosis, and changes in body com-

position such as weight loss [8]. Although many studies

report on the association between body composition and

exercise function in COPD patients [9, 10], skeletal

muscle wasting is of particular interest in that because it

directly influences exercise performance [11] and is

associated with poor health-related quality of life [12]. Ju

and Chen [13] demonstrated that total-body skeletal

muscle mass was significantly decreased in COPD

patients compared with controls. In addition, Ischaki

et al. [14] demonstrated that lean total skeletal muscle

mass is associated with pulmonary function. Although

these effects have been well described in COPD patients,

no studies have been published on such physiological

characteristics related to an adverse prognosis in com-

munity-dwelling elderly Japanese, aged C65 years, with

airflow limitation.

Therefore, the purpose of this study was to investigate

physiological characteristics of community-dwelling

elderly Japanese with airflow limitation aged C65 years.

Materials and methods

Participants

Elderly community-dwelling subjects aged C65 years were

recruited through local press advertisement, and 180 par-

ticipants were enrolled. The inclusion criteria were age

C65 years, living in the community, and the ability to walk

independently (or with a cane). The exclusion criteria were

cognitive impairment, severe cardiac or musculoskeletal

disorders, previously diagnosed pulmonary disease, and

hearing impairment. Written informed consent was

obtained from each participant in accordance with the

guidelines of the Kyoto University Graduate School of

Medicine and the Declaration of Human Rights, Helsinki,

1995. This study protocol was approved by the ethical

committee of the Kyoto University Graduate School of

Medicine.

Measurements

Demographic data

Data on age, body mass index (BMI), gender, smoking

history, and past medical history (hypertension, hyper-

lipidemia, diabetes mellitus, cardiovascular disease, and

osteoporosis) were obtained. All subjects completed a

self-reported questionnaire on smoking history and past

medical history. All data were collected at study onset.

Furthermore, the pack-year index was calculated for each

subject by multiplying the number of cigarette packs

smoked per day by the number of smoking years [15].

Pulmonary function tests

All subjects underwent spirometric evaluation. Pulmon-

ary function tests were carried out according to the

guidelines of the Japanese Respiratory Society [16]. In

the recent global initiative for chronic obstructive lung

disease (GOLD) guideline, all values for forced expira-

tory volume in 1 s (FEV1) refer to post-bronchodilator

FEV1, but our values were obtained without a broncho-

dilator. Forced vital capacity (FVC), FEV1, and peak

flow were measured by spirometry (Spiro Sift SP-370;

Fukuda Denshi Co., Ltd, Tokyo, Japan). After that, we

calculated FVC % predicted and FEV1 % predicted,

corrected by height and age. The formulae for calculat-

ing FVC % predicted and FEV1 % predicted were

derived from the Japanese criteria [17]. Airflow limita-

tion was defined as a ratio of FEV1/FVC of\70 % [18].

The severity of airflow limitation was based on FEV1 %

predicted, in accordance with the GOLD criteria

(FEV1 C 80 % predicted, mild; FEV1 50–79 % pre-

dicted, moderate; FEV1 30–49 % predicted, severe;

FEV1\ 30 % predicted, very severe) [19].

Skeletal muscle mass index (SMI)

A bioelectrical impedance data acquisition system (Inbody

430; Biospace Co., Ltd, Seoul, Korea) was used to deter-

mine bioelectrical impedance. This system applies a con-

stant current of 800 mA at 50 kHz through the body.

Participants stood on 2 metallic electrodes and held

metallic grip electrodes. Appendicular skeletal muscle

mass was determined using segmental body composition

and muscle mass, and the value for the appendicular

skeletal muscle mass was determined and used for the

present analysis. SMI was obtained by dividing the

appendicular skeletal muscle mass by the square of height

(kg/m2) [20].
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Physical activity

We distributed pedometers and note paper to participants

for recording physical activity. Participants were asked to

wear the pedometer in the pocket of their dominant leg for

14 consecutive days except when bathing, sleeping, and

performing water-based activities. The pedometers had

30-day data storage capacity. The reproducibility and

validity of the pedometers in counting walking steps have

been previously established in healthy people [21]. The

pedometers and note papers were sent to our laboratory by

mail after 2 weeks. We calculated averages of daily step

counts for 2 weeks.

Statistical analyses

The participants were divided into two groups: those with

airflow limitation and those who were healthy. We statis-

tically analyzed the differences between the 2 groups using

the unpaired t test for age, pulmonary function, body

composition, and physical activity, and the v2 test for

gender, smoking history, and past medical history. The

correlation between SMI and pulmonary function was

analyzed using Pearson’s correlation analysis. Addition-

ally, partial correlation analysis controlling for the variable

of age was carried out subsequently to assess the influence

of age on SMI and pulmonary function. All statistical

analyses were performed with SPSS version 20.0 software

(SPSS Inc., Chicago, IL, USA). The level of statistical

significance was set at P\ 0.05 for all analyses.

Results

Prevalence of airflow limitation

Of 180 initially selected community-dwelling elderly Jap-

anese aged C65 years, 19 were excluded owing to invalid

spirometry results. Thus, the study population comprised

161 community-dwelling elderly. The mean age of this

population was 73.4 ± 4.4 years, and 78 (48.4 %) partic-

ipants were men. Undiagnosed Airflow limitation existed

in 29.2 % (n = 47) of the study population. According to

the GOLD stage classification, 31.9 % (n = 15) of

participants were classified as mild, 61.7 % (n = 29) as

moderate, and 6.4 % (n = 3) as severe; no participants

were classified as very severe (Table 1). Regarding

smoking history, the smoking rate was 39.8 % (n = 64) in

the entire population and 34.0 % (n = 16) in airflow lim-

itation subjects.

Comparison of characteristics between airflow

limitation subjects and healthy older subjects

Demographic characteristics for the airflow limitation

subjects and healthy elderly subjects are shown in Table 2.

Subjects with airflow limitation were older (P = 0.01) and

had poorer pulmonary function (FVC % predicted,

P = 0.03; FEV1, FEV1 % predicted, FEV1/FVC, and peak

flow, P\ 0.01) and lower BMI (P\ 0.01) than healthy

elderly subjects. In addition, the SMI of those with airflow

limitation was 6.3 ± 0.9 kg/m2, whereas that of healthy

elderly subjects was 6.6 ± 1.0 kg/m2; this difference was

statistically significant (Fig. 1, P = 0.03). Furthermore,

physical activity of those with airflow limitation was

6,601 ± 2,650 steps/day, whereas that of healthy elderly

subjects was 7,553 ± 3,237 steps/day; although the dif-

ference in physical activity was not significant, it tended to

be lower in those with airflow limitation.

Correlation between SMI and pulmonary function

SMI was significantly positively correlated with FVC %

predicted (r = 0.45, P\ 0.05) and FEV1 % predicted

(r = 0.50, P\ 0.05) in men with airflow limitation, but no

correlation was found in women with airflow limitation.

This significant correlation in men with airflow limitation

was apparent after controlling for age using partial corre-

lation analysis (FVC % predicted, r = 0.48; FEV1 % pre-

dicted, r = 0.48). By contrast, there was no correlation

between SMI and pulmonary function in healthy elderly

subjects, as shown in Table 3.

Discussion

This cross-sectional study provides two new findings. First,

compared with healthy elderly subjects, SMI was

Table 1 Distribution according

to the severity of airflow

limitation

Values are shown as n (%);

FEV1 forced expiratory volume

in 1 s

Mild Moderate Severe Very severe Total

(FEV1 C 80 %

predicted)

(50 % B FEV1\ 80 %

predicted)

(30 % B FEV1\ 50 %

predicted)

(FEV1\ 30 %

predicted)

Gender

Overall 15 (31.9) 29 (61.7) 3 (6.4) 0 (0.0) 47

Male 3 (12.0) 20 (80.0) 2 (8.0) 0 (0.0) 25

Female 12 (54.5) 9 (40.9) 1 (4.6) 0 (0.0) 22
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disease may not be evident, even though spirometry reveals

airflow limitation. Therefore, even if there are no sub-

jective clinical symptoms, early detection of community-

dwelling elderly subjects with airflow limitation using

spirometry is a major social issue that should be tackled

immediately.

To date, many previous studies focused on physio-

logical characteristics have investigated COPD patients.

It is known that COPD has a negative influence not only

on respiratory function but also on the whole body,

being associated with systemic inflammation, cardiovas-

cular disease, osteoporosis, and changes in body com-

position such as weight loss [8]. Although many studies

report on the association between body composition and

exercise function in COPD patients [9, 10], skeletal

muscle wasting is of particular interest in that because it

directly influences exercise performance [11] and is

associated with poor health-related quality of life [12]. Ju

and Chen [13] demonstrated that total-body skeletal

muscle mass was significantly decreased in COPD

patients compared with controls. In addition, Ischaki

et al. [14] demonstrated that lean total skeletal muscle

mass is associated with pulmonary function. Although

these effects have been well described in COPD patients,

no studies have been published on such physiological

characteristics related to an adverse prognosis in com-

munity-dwelling elderly Japanese, aged C65 years, with

airflow limitation.

Therefore, the purpose of this study was to investigate

physiological characteristics of community-dwelling

elderly Japanese with airflow limitation aged C65 years.

Materials and methods

Participants

Elderly community-dwelling subjects aged C65 years were

recruited through local press advertisement, and 180 par-

ticipants were enrolled. The inclusion criteria were age

C65 years, living in the community, and the ability to walk

independently (or with a cane). The exclusion criteria were

cognitive impairment, severe cardiac or musculoskeletal

disorders, previously diagnosed pulmonary disease, and

hearing impairment. Written informed consent was

obtained from each participant in accordance with the

guidelines of the Kyoto University Graduate School of

Medicine and the Declaration of Human Rights, Helsinki,

1995. This study protocol was approved by the ethical

committee of the Kyoto University Graduate School of

Medicine.

Measurements

Demographic data

Data on age, body mass index (BMI), gender, smoking

history, and past medical history (hypertension, hyper-

lipidemia, diabetes mellitus, cardiovascular disease, and

osteoporosis) were obtained. All subjects completed a

self-reported questionnaire on smoking history and past

medical history. All data were collected at study onset.

Furthermore, the pack-year index was calculated for each

subject by multiplying the number of cigarette packs

smoked per day by the number of smoking years [15].

Pulmonary function tests

All subjects underwent spirometric evaluation. Pulmon-

ary function tests were carried out according to the

guidelines of the Japanese Respiratory Society [16]. In

the recent global initiative for chronic obstructive lung

disease (GOLD) guideline, all values for forced expira-

tory volume in 1 s (FEV1) refer to post-bronchodilator

FEV1, but our values were obtained without a broncho-

dilator. Forced vital capacity (FVC), FEV1, and peak

flow were measured by spirometry (Spiro Sift SP-370;

Fukuda Denshi Co., Ltd, Tokyo, Japan). After that, we

calculated FVC % predicted and FEV1 % predicted,

corrected by height and age. The formulae for calculat-

ing FVC % predicted and FEV1 % predicted were

derived from the Japanese criteria [17]. Airflow limita-

tion was defined as a ratio of FEV1/FVC of\70 % [18].

The severity of airflow limitation was based on FEV1 %

predicted, in accordance with the GOLD criteria

(FEV1 C 80 % predicted, mild; FEV1 50–79 % pre-

dicted, moderate; FEV1 30–49 % predicted, severe;

FEV1\ 30 % predicted, very severe) [19].

Skeletal muscle mass index (SMI)

A bioelectrical impedance data acquisition system (Inbody

430; Biospace Co., Ltd, Seoul, Korea) was used to deter-

mine bioelectrical impedance. This system applies a con-

stant current of 800 mA at 50 kHz through the body.

Participants stood on 2 metallic electrodes and held

metallic grip electrodes. Appendicular skeletal muscle

mass was determined using segmental body composition

and muscle mass, and the value for the appendicular

skeletal muscle mass was determined and used for the

present analysis. SMI was obtained by dividing the

appendicular skeletal muscle mass by the square of height

(kg/m2) [20].
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Physical activity

We distributed pedometers and note paper to participants

for recording physical activity. Participants were asked to

wear the pedometer in the pocket of their dominant leg for

14 consecutive days except when bathing, sleeping, and

performing water-based activities. The pedometers had

30-day data storage capacity. The reproducibility and

validity of the pedometers in counting walking steps have

been previously established in healthy people [21]. The

pedometers and note papers were sent to our laboratory by

mail after 2 weeks. We calculated averages of daily step

counts for 2 weeks.

Statistical analyses

The participants were divided into two groups: those with

airflow limitation and those who were healthy. We statis-

tically analyzed the differences between the 2 groups using

the unpaired t test for age, pulmonary function, body

composition, and physical activity, and the v2 test for

gender, smoking history, and past medical history. The

correlation between SMI and pulmonary function was

analyzed using Pearson’s correlation analysis. Addition-

ally, partial correlation analysis controlling for the variable

of age was carried out subsequently to assess the influence

of age on SMI and pulmonary function. All statistical

analyses were performed with SPSS version 20.0 software

(SPSS Inc., Chicago, IL, USA). The level of statistical

significance was set at P\ 0.05 for all analyses.

Results

Prevalence of airflow limitation

Of 180 initially selected community-dwelling elderly Jap-

anese aged C65 years, 19 were excluded owing to invalid

spirometry results. Thus, the study population comprised

161 community-dwelling elderly. The mean age of this

population was 73.4 ± 4.4 years, and 78 (48.4 %) partic-

ipants were men. Undiagnosed Airflow limitation existed

in 29.2 % (n = 47) of the study population. According to

the GOLD stage classification, 31.9 % (n = 15) of

participants were classified as mild, 61.7 % (n = 29) as

moderate, and 6.4 % (n = 3) as severe; no participants

were classified as very severe (Table 1). Regarding

smoking history, the smoking rate was 39.8 % (n = 64) in

the entire population and 34.0 % (n = 16) in airflow lim-

itation subjects.

Comparison of characteristics between airflow

limitation subjects and healthy older subjects

Demographic characteristics for the airflow limitation

subjects and healthy elderly subjects are shown in Table 2.

Subjects with airflow limitation were older (P = 0.01) and

had poorer pulmonary function (FVC % predicted,

P = 0.03; FEV1, FEV1 % predicted, FEV1/FVC, and peak

flow, P\ 0.01) and lower BMI (P\ 0.01) than healthy

elderly subjects. In addition, the SMI of those with airflow

limitation was 6.3 ± 0.9 kg/m2, whereas that of healthy

elderly subjects was 6.6 ± 1.0 kg/m2; this difference was

statistically significant (Fig. 1, P = 0.03). Furthermore,

physical activity of those with airflow limitation was

6,601 ± 2,650 steps/day, whereas that of healthy elderly

subjects was 7,553 ± 3,237 steps/day; although the dif-

ference in physical activity was not significant, it tended to

be lower in those with airflow limitation.

Correlation between SMI and pulmonary function

SMI was significantly positively correlated with FVC %

predicted (r = 0.45, P\ 0.05) and FEV1 % predicted

(r = 0.50, P\ 0.05) in men with airflow limitation, but no

correlation was found in women with airflow limitation.

This significant correlation in men with airflow limitation

was apparent after controlling for age using partial corre-

lation analysis (FVC % predicted, r = 0.48; FEV1 % pre-

dicted, r = 0.48). By contrast, there was no correlation

between SMI and pulmonary function in healthy elderly

subjects, as shown in Table 3.

Discussion

This cross-sectional study provides two new findings. First,

compared with healthy elderly subjects, SMI was

Table 1 Distribution according

to the severity of airflow

limitation

Values are shown as n (%);

FEV1 forced expiratory volume

in 1 s

Mild Moderate Severe Very severe Total

(FEV1 C 80 %

predicted)

(50 % B FEV1\ 80 %

predicted)

(30 % B FEV1\ 50 %

predicted)

(FEV1\ 30 %

predicted)

Gender

Overall 15 (31.9) 29 (61.7) 3 (6.4) 0 (0.0) 47

Male 3 (12.0) 20 (80.0) 2 (8.0) 0 (0.0) 25

Female 12 (54.5) 9 (40.9) 1 (4.6) 0 (0.0) 22
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significantly decreased in those with airflow limitation.

Second, SMI was significantly correlated with pulmonary

function in men with airflow limitation.

Airflow limitation was found in 29.2 % of our partici-

pants. Previous epidemiological studies for 40 years or

more in Japan have reported the prevalence of airflow

limitation to be approximately 10 % [6, 22]. However,

Akamatsu et al. [23] reported that the prevalence of airflow

limitation exceeded 15 % in elderly subjects aged

60–69 years and 28 % in those aged [70 years. The

difference in prevalence means that the prevalence of air-

flow limitation increases with aging, and the association

between aging and prevalence of airflow limitation has

been reported by a previous study [24]. Therefore, our

results for subjects aged C65 years (mean age was

73.4 ± 4.4 years) are in accordance with the results of a

previous study [23], and we believe that our study did not

overestimate or underestimate the spirometry measure-

ments. However, a limitation of the process is that the

participants might not yield the real picture of airflow

limitation, because we excluded subjects with cognitive

impairment. Previous study reported that cognitive

impairment has been associated with poor pulmonary

Table 2 Comparison of demographic characteristics and measure-

ments between airflow limitation subjects and healthy elderly subjects

Airflow limitation

subjects (n = 47)

Healthy elderly

subjects

(n = 114)

P value

Age (year) 74.8 ± 4.3 72.9 ± 4.3 0.01b

Gendera 0.45

Male 25 (53.2 %) 53 (46.5 %)

Female 22 (46.8 %) 61 (53.5 %)

Pack-year indexa 0.87

0–24 35 (74.5 %) 83 (72.8 %)

25–49 7 (14.9 %) 16 (14.0 %)

50? 5 (10.6 %) 15 (13.2 %)

Pulmonary function

FVC(L) 2.6 ± 0.7 2.8 ± 0.7 0.82

FVC % predicted 97.4 ± 20.2 104.5 ± 17.7 0.03b

FEV1 (L) 1.5 ± 0.4 2.2 ± 0.5 \0.01c

FEV1 % predicted 71.4 ± 17.1 103.1 ± 18.9 \0.01c

FEV1/FVC (%) 57.9 ± 10.2 77.9 ± 5.0 \0.01c

Peak flow (L) 2.3 ± 1.5 4.6 ± 2.0 \0.01c

Body composition

BMI (kg/m2) 21.8 ± 2.9 23.7 ± 2.8 \0.01c

SMI (kg/m2) 6.3 ± 0.9 6.6 ± 1.0 0.03b

Physical activity

Steps/day 6601 ± 2650 7553 ± 3237 0.08

Complicationa

Hypertension 15 (31.9 %) 47 (42.0 %) 0.16

Hyperlipidemia 4 (8.5 %) 19 (17.0 %) 0.13

Diabetes 6 (12.8 %) 13 (11.6 %) 0.91

Cardiac disorder 5 (10.6 %) 9 (8.0 %) 0.76

Osteoporosis 8 (17.0 %) 6 (5.4 %) 0.03b

Data are shown as n (%) or mean ± standard deviation; Pack-year

index was calculated for each subject by multiplying the number of

cigarette packs smoked per day by the number of smoking years

BMI body mass index, FEV1 forced expiratory volume in 1 s, FEV1 %

predicted FEV1 as percentage of predicted, FVC forced vital capacity,

FVC % predicted FVC as percentage of predicted, SMI skeletal

muscle mass index
a v2 test
b P\ 0.05
c P\ 0.01
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Fig. 1 The difference [mean ± standard error (SE)] in skeletal

muscle mass index between airflow limitation subjects and healthy

elderly subjects. Airflow limitation was defined as a ratio of forced

expiratory volume in 1 s (FEV1)/forced vital capacity (FVC) of

\70 %

Table 3 Single and partial correlation between skeletal muscle mass

index and pulmonary function

Skeletal muscle

mass index

Skeletal muscle mass

index (controlling for

age)

Men Women Men Women

Airflow limitation subjects

FVC % predicted 0.45a -0.25 0.48a -0.31

FEV1 % predicted 0.50a -0.11 0.48a -0.19

Healthy elderly subjects

FVC % predicted 0.16 0.10 0.16 -0.05

FEV1 % predicted 0.23 0.15 0.23 0.05

FVC % predicted forced vital capacity as percentage of predicted,

FEV1% predicted, forced expiratory volume in 1 s as percentage of

predicted
a Correlation is significant at the 0.05 level
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function [25]. However, we excluded patients with cogni-

tive impairment as they were unable to perform accurately

a spirometry measurement because a previous study

reported that reproducibility of spirometric measurements

was definitely poor in subjects with cognitive impairment

[26].

To the best of our knowledge, this is the first study to

indicate a reduction in skeletal muscle mass in commu-

nity-dwelling subjects with airflow limitation. The

mechanisms of skeletal muscle wasting are not precisely

understood; however, inactivity [27] and systemic

inflammation [28] are considered to be major factors in

skeletal muscle wasting. We found that the difference in

physical activity was not significant compared with

healthy elderly subjects, but it tended to be lower in

subjects with airflow limitation. Pitta et al. [29] reported

that daily physical activity values in COPD patients were

significantly lower than those in healthy controls. This

previous study targeted patients with mild to very severe

COPD, but because we targeted airflow limitation sub-

jects with few symptoms and no consultation history in

the community, the possibility that there are no signifi-

cant differences in physical activity in comparison with

healthy older subjects is high. However, the trend of

reduced physical activity in subjects with airflow limi-

tation is consistent with the results of a previous study in

COPD patients [29]. Therefore, there is a possibility that

the decrease in physical activity is associated with

skeletal muscle wasting. On the other hand, pulmonary

function disorders are often associated with a systemic

inflammatory state [30]. Although age [31], gender [32],

and smoking history [33] have been reported to accel-

erate systemic inflammation, we found a significant dif-

ference only for age between airflow limitation subjects

and healthy elderly subjects. Therefore, the reduction in

SMI in subjects with airflow limitation may be depen-

dent on systemic inflammation related to older age.

The present study found a significant correlation

between SMI and pulmonary function in men with air-

flow limitation after controlling for age using partial

correlation analysis. This relationship might be a conse-

quence of the high resting energy expenditure due to the

increased work of breathing [34], inadequate dietary

intake, physical inactivity [35], and excessive apoptosis

of skeletal muscle due to increased systemic inflamma-

tion [36]. However, with the exception of physical

activity, our data do not support these hypotheses. To

our knowledge, we believe that the recognized gender

differences are a reflection of systemic inflammation.

Previous studies reported in cross-sectional and longitu-

dinal analyses that systemic inflammation is negatively

correlated with both FEV1 and FVC in men but not in

women [32, 37, 38]. That is, it is possible that systemic

inflammation contributed to both skeletal muscle wasting

and poor pulmonary function in men with airflow limi-

tation. Because the prognosis for elderly people with

decreased skeletal muscle mass and pulmonary function

is generally adverse, it is important to detect airflow

limitation at an early stage in the community.

There are several limitations that warrant mention in this

study. First, because the participants were recruited

through local press advertisements, there may be a selec-

tion bias. The participants may have been highly health

conscious; on the other hand, the subjects with health

problems might not participate in this study. Second, self-

reported questionnaires may not always provide precise

data due to recall bias. Third, because we performed only a

simple pulmonary function test to detect airflow limitation

in the community-dwelling elderly in our study, we were

not able to examine pulmonary function in detail. Fourth,

because this study was cross-sectional, a cause–effect

relationship between SMI and pulmonary function remains

unknown. Further investigations, including prospective

studies, are required to confirm our discussion.

Conclusions

To the best of our knowledge, this is the first study to

investigate the physiological characteristics of community-

dwelling elderly Japanese with airflow limitation aged

C65 years. We found a significant reduction in SMI in

subjects with airflow limitation compared with healthy

elderly subjects. Furthermore, we found a significant cor-

relation between SMI and pulmonary function in men with

airflow limitation, but not in women. Additional studies are

needed for the early detection of subjects with airflow

limitation and to determine the characteristics of commu-

nity-dwelling elderly Japanese, aged C65 years, with air-

flow limitation.
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significantly decreased in those with airflow limitation.

Second, SMI was significantly correlated with pulmonary

function in men with airflow limitation.

Airflow limitation was found in 29.2 % of our partici-

pants. Previous epidemiological studies for 40 years or

more in Japan have reported the prevalence of airflow

limitation to be approximately 10 % [6, 22]. However,

Akamatsu et al. [23] reported that the prevalence of airflow

limitation exceeded 15 % in elderly subjects aged

60–69 years and 28 % in those aged [70 years. The

difference in prevalence means that the prevalence of air-

flow limitation increases with aging, and the association

between aging and prevalence of airflow limitation has

been reported by a previous study [24]. Therefore, our

results for subjects aged C65 years (mean age was

73.4 ± 4.4 years) are in accordance with the results of a

previous study [23], and we believe that our study did not

overestimate or underestimate the spirometry measure-

ments. However, a limitation of the process is that the

participants might not yield the real picture of airflow

limitation, because we excluded subjects with cognitive

impairment. Previous study reported that cognitive

impairment has been associated with poor pulmonary

Table 2 Comparison of demographic characteristics and measure-

ments between airflow limitation subjects and healthy elderly subjects

Airflow limitation

subjects (n = 47)

Healthy elderly

subjects

(n = 114)

P value

Age (year) 74.8 ± 4.3 72.9 ± 4.3 0.01b

Gendera 0.45

Male 25 (53.2 %) 53 (46.5 %)

Female 22 (46.8 %) 61 (53.5 %)

Pack-year indexa 0.87

0–24 35 (74.5 %) 83 (72.8 %)

25–49 7 (14.9 %) 16 (14.0 %)

50? 5 (10.6 %) 15 (13.2 %)

Pulmonary function

FVC(L) 2.6 ± 0.7 2.8 ± 0.7 0.82

FVC % predicted 97.4 ± 20.2 104.5 ± 17.7 0.03b

FEV1 (L) 1.5 ± 0.4 2.2 ± 0.5 \0.01c

FEV1 % predicted 71.4 ± 17.1 103.1 ± 18.9 \0.01c

FEV1/FVC (%) 57.9 ± 10.2 77.9 ± 5.0 \0.01c

Peak flow (L) 2.3 ± 1.5 4.6 ± 2.0 \0.01c

Body composition

BMI (kg/m2) 21.8 ± 2.9 23.7 ± 2.8 \0.01c

SMI (kg/m2) 6.3 ± 0.9 6.6 ± 1.0 0.03b

Physical activity

Steps/day 6601 ± 2650 7553 ± 3237 0.08

Complicationa

Hypertension 15 (31.9 %) 47 (42.0 %) 0.16

Hyperlipidemia 4 (8.5 %) 19 (17.0 %) 0.13

Diabetes 6 (12.8 %) 13 (11.6 %) 0.91

Cardiac disorder 5 (10.6 %) 9 (8.0 %) 0.76

Osteoporosis 8 (17.0 %) 6 (5.4 %) 0.03b

Data are shown as n (%) or mean ± standard deviation; Pack-year

index was calculated for each subject by multiplying the number of

cigarette packs smoked per day by the number of smoking years

BMI body mass index, FEV1 forced expiratory volume in 1 s, FEV1 %

predicted FEV1 as percentage of predicted, FVC forced vital capacity,

FVC % predicted FVC as percentage of predicted, SMI skeletal

muscle mass index
a v2 test
b P\ 0.05
c P\ 0.01
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Fig. 1 The difference [mean ± standard error (SE)] in skeletal

muscle mass index between airflow limitation subjects and healthy

elderly subjects. Airflow limitation was defined as a ratio of forced

expiratory volume in 1 s (FEV1)/forced vital capacity (FVC) of

\70 %

Table 3 Single and partial correlation between skeletal muscle mass

index and pulmonary function

Skeletal muscle

mass index

Skeletal muscle mass

index (controlling for

age)

Men Women Men Women

Airflow limitation subjects

FVC % predicted 0.45a -0.25 0.48a -0.31

FEV1 % predicted 0.50a -0.11 0.48a -0.19

Healthy elderly subjects

FVC % predicted 0.16 0.10 0.16 -0.05

FEV1 % predicted 0.23 0.15 0.23 0.05

FVC % predicted forced vital capacity as percentage of predicted,

FEV1% predicted, forced expiratory volume in 1 s as percentage of

predicted
a Correlation is significant at the 0.05 level
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function [25]. However, we excluded patients with cogni-

tive impairment as they were unable to perform accurately

a spirometry measurement because a previous study

reported that reproducibility of spirometric measurements

was definitely poor in subjects with cognitive impairment

[26].

To the best of our knowledge, this is the first study to

indicate a reduction in skeletal muscle mass in commu-

nity-dwelling subjects with airflow limitation. The

mechanisms of skeletal muscle wasting are not precisely

understood; however, inactivity [27] and systemic

inflammation [28] are considered to be major factors in

skeletal muscle wasting. We found that the difference in

physical activity was not significant compared with

healthy elderly subjects, but it tended to be lower in

subjects with airflow limitation. Pitta et al. [29] reported

that daily physical activity values in COPD patients were

significantly lower than those in healthy controls. This

previous study targeted patients with mild to very severe

COPD, but because we targeted airflow limitation sub-

jects with few symptoms and no consultation history in

the community, the possibility that there are no signifi-

cant differences in physical activity in comparison with

healthy older subjects is high. However, the trend of

reduced physical activity in subjects with airflow limi-

tation is consistent with the results of a previous study in

COPD patients [29]. Therefore, there is a possibility that

the decrease in physical activity is associated with

skeletal muscle wasting. On the other hand, pulmonary

function disorders are often associated with a systemic

inflammatory state [30]. Although age [31], gender [32],

and smoking history [33] have been reported to accel-

erate systemic inflammation, we found a significant dif-

ference only for age between airflow limitation subjects

and healthy elderly subjects. Therefore, the reduction in

SMI in subjects with airflow limitation may be depen-

dent on systemic inflammation related to older age.

The present study found a significant correlation

between SMI and pulmonary function in men with air-

flow limitation after controlling for age using partial

correlation analysis. This relationship might be a conse-

quence of the high resting energy expenditure due to the

increased work of breathing [34], inadequate dietary

intake, physical inactivity [35], and excessive apoptosis

of skeletal muscle due to increased systemic inflamma-

tion [36]. However, with the exception of physical

activity, our data do not support these hypotheses. To

our knowledge, we believe that the recognized gender

differences are a reflection of systemic inflammation.

Previous studies reported in cross-sectional and longitu-

dinal analyses that systemic inflammation is negatively

correlated with both FEV1 and FVC in men but not in

women [32, 37, 38]. That is, it is possible that systemic

inflammation contributed to both skeletal muscle wasting

and poor pulmonary function in men with airflow limi-

tation. Because the prognosis for elderly people with

decreased skeletal muscle mass and pulmonary function

is generally adverse, it is important to detect airflow

limitation at an early stage in the community.

There are several limitations that warrant mention in this

study. First, because the participants were recruited

through local press advertisements, there may be a selec-

tion bias. The participants may have been highly health

conscious; on the other hand, the subjects with health

problems might not participate in this study. Second, self-

reported questionnaires may not always provide precise

data due to recall bias. Third, because we performed only a

simple pulmonary function test to detect airflow limitation

in the community-dwelling elderly in our study, we were

not able to examine pulmonary function in detail. Fourth,

because this study was cross-sectional, a cause–effect

relationship between SMI and pulmonary function remains

unknown. Further investigations, including prospective

studies, are required to confirm our discussion.

Conclusions

To the best of our knowledge, this is the first study to

investigate the physiological characteristics of community-

dwelling elderly Japanese with airflow limitation aged

C65 years. We found a significant reduction in SMI in

subjects with airflow limitation compared with healthy

elderly subjects. Furthermore, we found a significant cor-

relation between SMI and pulmonary function in men with

airflow limitation, but not in women. Additional studies are

needed for the early detection of subjects with airflow

limitation and to determine the characteristics of commu-

nity-dwelling elderly Japanese, aged C65 years, with air-

flow limitation.
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significantly decreased in those with airflow limitation.

Second, SMI was significantly correlated with pulmonary

function in men with airflow limitation.

Airflow limitation was found in 29.2 % of our partici-

pants. Previous epidemiological studies for 40 years or

more in Japan have reported the prevalence of airflow

limitation to be approximately 10 % [6, 22]. However,

Akamatsu et al. [23] reported that the prevalence of airflow

limitation exceeded 15 % in elderly subjects aged

60–69 years and 28 % in those aged [70 years. The

difference in prevalence means that the prevalence of air-

flow limitation increases with aging, and the association

between aging and prevalence of airflow limitation has

been reported by a previous study [24]. Therefore, our

results for subjects aged C65 years (mean age was

73.4 ± 4.4 years) are in accordance with the results of a

previous study [23], and we believe that our study did not

overestimate or underestimate the spirometry measure-

ments. However, a limitation of the process is that the

participants might not yield the real picture of airflow

limitation, because we excluded subjects with cognitive

impairment. Previous study reported that cognitive

impairment has been associated with poor pulmonary

Table 2 Comparison of demographic characteristics and measure-

ments between airflow limitation subjects and healthy elderly subjects

Airflow limitation

subjects (n = 47)

Healthy elderly

subjects

(n = 114)

P value

Age (year) 74.8 ± 4.3 72.9 ± 4.3 0.01b

Gendera 0.45

Male 25 (53.2 %) 53 (46.5 %)

Female 22 (46.8 %) 61 (53.5 %)

Pack-year indexa 0.87

0–24 35 (74.5 %) 83 (72.8 %)

25–49 7 (14.9 %) 16 (14.0 %)

50? 5 (10.6 %) 15 (13.2 %)

Pulmonary function

FVC(L) 2.6 ± 0.7 2.8 ± 0.7 0.82

FVC % predicted 97.4 ± 20.2 104.5 ± 17.7 0.03b

FEV1 (L) 1.5 ± 0.4 2.2 ± 0.5 \0.01c

FEV1 % predicted 71.4 ± 17.1 103.1 ± 18.9 \0.01c

FEV1/FVC (%) 57.9 ± 10.2 77.9 ± 5.0 \0.01c

Peak flow (L) 2.3 ± 1.5 4.6 ± 2.0 \0.01c

Body composition

BMI (kg/m2) 21.8 ± 2.9 23.7 ± 2.8 \0.01c

SMI (kg/m2) 6.3 ± 0.9 6.6 ± 1.0 0.03b

Physical activity

Steps/day 6601 ± 2650 7553 ± 3237 0.08

Complicationa

Hypertension 15 (31.9 %) 47 (42.0 %) 0.16

Hyperlipidemia 4 (8.5 %) 19 (17.0 %) 0.13

Diabetes 6 (12.8 %) 13 (11.6 %) 0.91

Cardiac disorder 5 (10.6 %) 9 (8.0 %) 0.76

Osteoporosis 8 (17.0 %) 6 (5.4 %) 0.03b

Data are shown as n (%) or mean ± standard deviation; Pack-year

index was calculated for each subject by multiplying the number of

cigarette packs smoked per day by the number of smoking years

BMI body mass index, FEV1 forced expiratory volume in 1 s, FEV1 %

predicted FEV1 as percentage of predicted, FVC forced vital capacity,

FVC % predicted FVC as percentage of predicted, SMI skeletal

muscle mass index
a v2 test
b P\ 0.05
c P\ 0.01
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Fig. 1 The difference [mean ± standard error (SE)] in skeletal

muscle mass index between airflow limitation subjects and healthy

elderly subjects. Airflow limitation was defined as a ratio of forced

expiratory volume in 1 s (FEV1)/forced vital capacity (FVC) of

\70 %

Table 3 Single and partial correlation between skeletal muscle mass

index and pulmonary function

Skeletal muscle

mass index

Skeletal muscle mass

index (controlling for

age)

Men Women Men Women

Airflow limitation subjects

FVC % predicted 0.45a -0.25 0.48a -0.31

FEV1 % predicted 0.50a -0.11 0.48a -0.19

Healthy elderly subjects

FVC % predicted 0.16 0.10 0.16 -0.05

FEV1 % predicted 0.23 0.15 0.23 0.05

FVC % predicted forced vital capacity as percentage of predicted,

FEV1% predicted, forced expiratory volume in 1 s as percentage of

predicted
a Correlation is significant at the 0.05 level
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function [25]. However, we excluded patients with cogni-

tive impairment as they were unable to perform accurately

a spirometry measurement because a previous study

reported that reproducibility of spirometric measurements

was definitely poor in subjects with cognitive impairment

[26].

To the best of our knowledge, this is the first study to

indicate a reduction in skeletal muscle mass in commu-

nity-dwelling subjects with airflow limitation. The

mechanisms of skeletal muscle wasting are not precisely

understood; however, inactivity [27] and systemic

inflammation [28] are considered to be major factors in

skeletal muscle wasting. We found that the difference in

physical activity was not significant compared with

healthy elderly subjects, but it tended to be lower in

subjects with airflow limitation. Pitta et al. [29] reported

that daily physical activity values in COPD patients were

significantly lower than those in healthy controls. This

previous study targeted patients with mild to very severe

COPD, but because we targeted airflow limitation sub-

jects with few symptoms and no consultation history in

the community, the possibility that there are no signifi-

cant differences in physical activity in comparison with

healthy older subjects is high. However, the trend of

reduced physical activity in subjects with airflow limi-

tation is consistent with the results of a previous study in

COPD patients [29]. Therefore, there is a possibility that

the decrease in physical activity is associated with

skeletal muscle wasting. On the other hand, pulmonary

function disorders are often associated with a systemic

inflammatory state [30]. Although age [31], gender [32],

and smoking history [33] have been reported to accel-

erate systemic inflammation, we found a significant dif-

ference only for age between airflow limitation subjects

and healthy elderly subjects. Therefore, the reduction in

SMI in subjects with airflow limitation may be depen-

dent on systemic inflammation related to older age.

The present study found a significant correlation

between SMI and pulmonary function in men with air-

flow limitation after controlling for age using partial

correlation analysis. This relationship might be a conse-

quence of the high resting energy expenditure due to the

increased work of breathing [34], inadequate dietary

intake, physical inactivity [35], and excessive apoptosis

of skeletal muscle due to increased systemic inflamma-

tion [36]. However, with the exception of physical

activity, our data do not support these hypotheses. To

our knowledge, we believe that the recognized gender

differences are a reflection of systemic inflammation.

Previous studies reported in cross-sectional and longitu-

dinal analyses that systemic inflammation is negatively

correlated with both FEV1 and FVC in men but not in

women [32, 37, 38]. That is, it is possible that systemic

inflammation contributed to both skeletal muscle wasting

and poor pulmonary function in men with airflow limi-

tation. Because the prognosis for elderly people with

decreased skeletal muscle mass and pulmonary function

is generally adverse, it is important to detect airflow

limitation at an early stage in the community.

There are several limitations that warrant mention in this

study. First, because the participants were recruited

through local press advertisements, there may be a selec-

tion bias. The participants may have been highly health

conscious; on the other hand, the subjects with health

problems might not participate in this study. Second, self-

reported questionnaires may not always provide precise

data due to recall bias. Third, because we performed only a

simple pulmonary function test to detect airflow limitation

in the community-dwelling elderly in our study, we were

not able to examine pulmonary function in detail. Fourth,

because this study was cross-sectional, a cause–effect

relationship between SMI and pulmonary function remains

unknown. Further investigations, including prospective

studies, are required to confirm our discussion.

Conclusions

To the best of our knowledge, this is the first study to

investigate the physiological characteristics of community-

dwelling elderly Japanese with airflow limitation aged

C65 years. We found a significant reduction in SMI in

subjects with airflow limitation compared with healthy

elderly subjects. Furthermore, we found a significant cor-

relation between SMI and pulmonary function in men with

airflow limitation, but not in women. Additional studies are

needed for the early detection of subjects with airflow

limitation and to determine the characteristics of commu-

nity-dwelling elderly Japanese, aged C65 years, with air-

flow limitation.
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significantly decreased in those with airflow limitation.

Second, SMI was significantly correlated with pulmonary

function in men with airflow limitation.

Airflow limitation was found in 29.2 % of our partici-

pants. Previous epidemiological studies for 40 years or

more in Japan have reported the prevalence of airflow

limitation to be approximately 10 % [6, 22]. However,

Akamatsu et al. [23] reported that the prevalence of airflow

limitation exceeded 15 % in elderly subjects aged

60–69 years and 28 % in those aged [70 years. The

difference in prevalence means that the prevalence of air-

flow limitation increases with aging, and the association

between aging and prevalence of airflow limitation has

been reported by a previous study [24]. Therefore, our

results for subjects aged C65 years (mean age was

73.4 ± 4.4 years) are in accordance with the results of a

previous study [23], and we believe that our study did not

overestimate or underestimate the spirometry measure-

ments. However, a limitation of the process is that the

participants might not yield the real picture of airflow

limitation, because we excluded subjects with cognitive

impairment. Previous study reported that cognitive

impairment has been associated with poor pulmonary

Table 2 Comparison of demographic characteristics and measure-

ments between airflow limitation subjects and healthy elderly subjects

Airflow limitation

subjects (n = 47)

Healthy elderly

subjects

(n = 114)

P value

Age (year) 74.8 ± 4.3 72.9 ± 4.3 0.01b

Gendera 0.45

Male 25 (53.2 %) 53 (46.5 %)

Female 22 (46.8 %) 61 (53.5 %)

Pack-year indexa 0.87

0–24 35 (74.5 %) 83 (72.8 %)

25–49 7 (14.9 %) 16 (14.0 %)

50? 5 (10.6 %) 15 (13.2 %)

Pulmonary function

FVC(L) 2.6 ± 0.7 2.8 ± 0.7 0.82

FVC % predicted 97.4 ± 20.2 104.5 ± 17.7 0.03b

FEV1 (L) 1.5 ± 0.4 2.2 ± 0.5 \0.01c

FEV1 % predicted 71.4 ± 17.1 103.1 ± 18.9 \0.01c

FEV1/FVC (%) 57.9 ± 10.2 77.9 ± 5.0 \0.01c

Peak flow (L) 2.3 ± 1.5 4.6 ± 2.0 \0.01c

Body composition

BMI (kg/m2) 21.8 ± 2.9 23.7 ± 2.8 \0.01c

SMI (kg/m2) 6.3 ± 0.9 6.6 ± 1.0 0.03b

Physical activity

Steps/day 6601 ± 2650 7553 ± 3237 0.08

Complicationa

Hypertension 15 (31.9 %) 47 (42.0 %) 0.16

Hyperlipidemia 4 (8.5 %) 19 (17.0 %) 0.13

Diabetes 6 (12.8 %) 13 (11.6 %) 0.91

Cardiac disorder 5 (10.6 %) 9 (8.0 %) 0.76

Osteoporosis 8 (17.0 %) 6 (5.4 %) 0.03b

Data are shown as n (%) or mean ± standard deviation; Pack-year

index was calculated for each subject by multiplying the number of

cigarette packs smoked per day by the number of smoking years

BMI body mass index, FEV1 forced expiratory volume in 1 s, FEV1 %

predicted FEV1 as percentage of predicted, FVC forced vital capacity,

FVC % predicted FVC as percentage of predicted, SMI skeletal

muscle mass index
a v2 test
b P\ 0.05
c P\ 0.01
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Fig. 1 The difference [mean ± standard error (SE)] in skeletal

muscle mass index between airflow limitation subjects and healthy

elderly subjects. Airflow limitation was defined as a ratio of forced

expiratory volume in 1 s (FEV1)/forced vital capacity (FVC) of

\70 %

Table 3 Single and partial correlation between skeletal muscle mass

index and pulmonary function

Skeletal muscle

mass index

Skeletal muscle mass

index (controlling for

age)

Men Women Men Women

Airflow limitation subjects

FVC % predicted 0.45a -0.25 0.48a -0.31

FEV1 % predicted 0.50a -0.11 0.48a -0.19

Healthy elderly subjects

FVC % predicted 0.16 0.10 0.16 -0.05

FEV1 % predicted 0.23 0.15 0.23 0.05

FVC % predicted forced vital capacity as percentage of predicted,

FEV1% predicted, forced expiratory volume in 1 s as percentage of

predicted
a Correlation is significant at the 0.05 level
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function [25]. However, we excluded patients with cogni-

tive impairment as they were unable to perform accurately

a spirometry measurement because a previous study

reported that reproducibility of spirometric measurements

was definitely poor in subjects with cognitive impairment

[26].

To the best of our knowledge, this is the first study to

indicate a reduction in skeletal muscle mass in commu-

nity-dwelling subjects with airflow limitation. The

mechanisms of skeletal muscle wasting are not precisely

understood; however, inactivity [27] and systemic

inflammation [28] are considered to be major factors in

skeletal muscle wasting. We found that the difference in

physical activity was not significant compared with

healthy elderly subjects, but it tended to be lower in

subjects with airflow limitation. Pitta et al. [29] reported

that daily physical activity values in COPD patients were

significantly lower than those in healthy controls. This

previous study targeted patients with mild to very severe

COPD, but because we targeted airflow limitation sub-

jects with few symptoms and no consultation history in

the community, the possibility that there are no signifi-

cant differences in physical activity in comparison with

healthy older subjects is high. However, the trend of

reduced physical activity in subjects with airflow limi-

tation is consistent with the results of a previous study in

COPD patients [29]. Therefore, there is a possibility that

the decrease in physical activity is associated with

skeletal muscle wasting. On the other hand, pulmonary

function disorders are often associated with a systemic

inflammatory state [30]. Although age [31], gender [32],

and smoking history [33] have been reported to accel-

erate systemic inflammation, we found a significant dif-

ference only for age between airflow limitation subjects

and healthy elderly subjects. Therefore, the reduction in

SMI in subjects with airflow limitation may be depen-

dent on systemic inflammation related to older age.

The present study found a significant correlation

between SMI and pulmonary function in men with air-

flow limitation after controlling for age using partial

correlation analysis. This relationship might be a conse-

quence of the high resting energy expenditure due to the

increased work of breathing [34], inadequate dietary

intake, physical inactivity [35], and excessive apoptosis

of skeletal muscle due to increased systemic inflamma-

tion [36]. However, with the exception of physical

activity, our data do not support these hypotheses. To

our knowledge, we believe that the recognized gender

differences are a reflection of systemic inflammation.

Previous studies reported in cross-sectional and longitu-

dinal analyses that systemic inflammation is negatively

correlated with both FEV1 and FVC in men but not in

women [32, 37, 38]. That is, it is possible that systemic

inflammation contributed to both skeletal muscle wasting

and poor pulmonary function in men with airflow limi-

tation. Because the prognosis for elderly people with

decreased skeletal muscle mass and pulmonary function

is generally adverse, it is important to detect airflow

limitation at an early stage in the community.

There are several limitations that warrant mention in this

study. First, because the participants were recruited

through local press advertisements, there may be a selec-

tion bias. The participants may have been highly health

conscious; on the other hand, the subjects with health

problems might not participate in this study. Second, self-

reported questionnaires may not always provide precise

data due to recall bias. Third, because we performed only a

simple pulmonary function test to detect airflow limitation

in the community-dwelling elderly in our study, we were

not able to examine pulmonary function in detail. Fourth,

because this study was cross-sectional, a cause–effect

relationship between SMI and pulmonary function remains

unknown. Further investigations, including prospective

studies, are required to confirm our discussion.

Conclusions

To the best of our knowledge, this is the first study to

investigate the physiological characteristics of community-

dwelling elderly Japanese with airflow limitation aged

C65 years. We found a significant reduction in SMI in

subjects with airflow limitation compared with healthy

elderly subjects. Furthermore, we found a significant cor-

relation between SMI and pulmonary function in men with

airflow limitation, but not in women. Additional studies are

needed for the early detection of subjects with airflow

limitation and to determine the characteristics of commu-

nity-dwelling elderly Japanese, aged C65 years, with air-

flow limitation.
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Abstract

Objective: To determine the feasibility and safety of implementing a 12-week rehabilitation program after mesenchymal stromal cell (MSC)

transplantation augmented by vascularized bone grafting for idiopathic osteonecrosis (ION) of the femoral head.

Design: A prospective case series.

Setting: University clinical research laboratory.

Participants: Participants (NZ10) with ION who received MSC transplantation augmented by vascularized bone grafting.

Intervention: A 12-week exercise program, which included range-of-motion (ROM) exercises, muscle-strengthening exercises, and aerobic training.

Main Outcome Measures: Measures of ROM, muscle strength, Timed Up and Go test, and Medical Outcomes Study 36-Item Short-Form Health

Survey (SF-36) were collected before surgery and again at 6 and 12 months after surgery.

Results: All participants completed the 12-week program. External rotation ROM as well as extensor and abductor muscle strength significantly

improved 6 months after treatment compared with that before treatment (P<.05). Significant improvements were also seen in physical function,

role physical, and bodily pain subgroup scores of the SF-36 (P<.05). No serious adverse events occurred.

Conclusions: This study demonstrates the feasibility and safety of a multiplex rehabilitation program after MSC transplantation and provides

support for further study on the benefits of rehabilitation programs in regenerative medicine.

Archives of Physical Medicine and Rehabilitation 2015;96:532-9
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Idiopathic osteonecrosis (ION) of the femoral head is a painful
disorder that progresses to femoral head collapse and osteoarthritis
of the hip joint.1,2 This disease mainly affects individuals aged 30
to 40 years.3 The exact pathologic mechanism of ION remains
unknown; however, obstruction of blood flow to the femoral head,
which causes death of bone-forming cells, is a hallmark of this
condition. Without bone-forming cells, bone tissue gradually loses
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Abstract

Objective: To determine the feasibility and safety of implementing a 12-week rehabilitation program after mesenchymal stromal cell (MSC)

transplantation augmented by vascularized bone grafting for idiopathic osteonecrosis (ION) of the femoral head.

Design: A prospective case series.

Setting: University clinical research laboratory.

Participants: Participants (NZ10) with ION who received MSC transplantation augmented by vascularized bone grafting.

Intervention: A 12-week exercise program, which included range-of-motion (ROM) exercises, muscle-strengthening exercises, and aerobic training.

Main Outcome Measures: Measures of ROM, muscle strength, Timed Up and Go test, and Medical Outcomes Study 36-Item Short-Form Health

Survey (SF-36) were collected before surgery and again at 6 and 12 months after surgery.

Results: All participants completed the 12-week program. External rotation ROM as well as extensor and abductor muscle strength significantly

improved 6 months after treatment compared with that before treatment (P<.05). Significant improvements were also seen in physical function,

role physical, and bodily pain subgroup scores of the SF-36 (P<.05). No serious adverse events occurred.

Conclusions: This study demonstrates the feasibility and safety of a multiplex rehabilitation program after MSC transplantation and provides

support for further study on the benefits of rehabilitation programs in regenerative medicine.
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Idiopathic osteonecrosis (ION) of the femoral head is a painful
disorder that progresses to femoral head collapse and osteoarthritis
of the hip joint.1,2 This disease mainly affects individuals aged 30
to 40 years.3 The exact pathologic mechanism of ION remains
unknown; however, obstruction of blood flow to the femoral head,
which causes death of bone-forming cells, is a hallmark of this
condition. Without bone-forming cells, bone tissue gradually loses
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Abstract

Objective: To determine the feasibility and safety of implementing a 12-week rehabilitation program after mesenchymal stromal cell (MSC)

transplantation augmented by vascularized bone grafting for idiopathic osteonecrosis (ION) of the femoral head.

Design: A prospective case series.

Setting: University clinical research laboratory.

Participants: Participants (NZ10) with ION who received MSC transplantation augmented by vascularized bone grafting.

Intervention: A 12-week exercise program, which included range-of-motion (ROM) exercises, muscle-strengthening exercises, and aerobic training.

Main Outcome Measures: Measures of ROM, muscle strength, Timed Up and Go test, and Medical Outcomes Study 36-Item Short-Form Health

Survey (SF-36) were collected before surgery and again at 6 and 12 months after surgery.

Results: All participants completed the 12-week program. External rotation ROM as well as extensor and abductor muscle strength significantly

improved 6 months after treatment compared with that before treatment (P<.05). Significant improvements were also seen in physical function,

role physical, and bodily pain subgroup scores of the SF-36 (P<.05). No serious adverse events occurred.

Conclusions: This study demonstrates the feasibility and safety of a multiplex rehabilitation program after MSC transplantation and provides

support for further study on the benefits of rehabilitation programs in regenerative medicine.
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Idiopathic osteonecrosis (ION) of the femoral head is a painful
disorder that progresses to femoral head collapse and osteoarthritis
of the hip joint.1,2 This disease mainly affects individuals aged 30
to 40 years.3 The exact pathologic mechanism of ION remains
unknown; however, obstruction of blood flow to the femoral head,
which causes death of bone-forming cells, is a hallmark of this
condition. Without bone-forming cells, bone tissue gradually loses
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its mechanical properties and eventually collapses, causing artic-
ular surface deformities.1-3

Recently, surgical treatment has become more common than
nonsurgical treatment for ION in the United States.4 Conservative
treatment to offload forces by limiting weight-bearing, activity
modification, and physical therapy is thought to have limited
success in preventing disease progression.3,4 If the disease pro-
gresses, the patient eventually requires total hip arthroplasty
(THA).1-3 Although the survival rate of THA has improved
markedly, individuals with ION are typically young, and THA
durability is limited; therefore, joint-preserving treatment is
preferred. However, recent data indicate that joint-preserving
procedures are performed less often than THA.3

Regenerative medicine using cell transplantation is a prom-
ising treatment for patients with refractory disease. Mesenchymal
stromal cell (MSC) transplantation, for example, is a promising
new treatment for joint preservation in ION. MSCs can differen-
tiate into cells of osteogenic, chondrogenic, and adipogenic line-
ages in vitro.5-7 During early-stage ION, treatment with MSCs in
combination with core decompression surgery has resulted in
significant delay and even prevention of femoral head collapse.8-12

However, in more advanced stages, the result of this procedure has
not been satisfactory.12-14 Because bone marrow pressure is
elevated in the early stage of ION,15 core decompression to reduce
the pressure is required. However, in advanced-stage disease,
when subchondral bone fractures occur, initial strengthening,
instead of decompression, is needed to prevent collapse.16

We designed a protocol using a combination of MSCs and
vascularized bone grafts for treating advanced stages of ION.17

Because ION is caused by loss of blood supply and bone-
forming cells as well as mechanical vulnerability, vascularized
bone grafting is, theoretically, a reasonable treatment for this
condition.16,17 Although MSC transplantation is a promising
therapeutic strategy, rehabilitation interventions after surgery may
have a significant effect on the ultimate treatment result. However,
detailed information about rehabilitation programs after cell
transplantation has not yet been reported.8-14 Moreover, the effect
of rehabilitation alone on ION is controversial.18,19 This study
aimed to determine the feasibility and safety of a rehabilitation
program that was performed in a clinical trial of MSC trans-
plantation augmented by vascularized bone grafting for ION.

Methods

The current study was a prospective case series of subjects
enrolled in a clinical trial. Details of this prospective, open-
labeled, proof-of-concept clinical trial, conducted at Kyoto Uni-
versity Hospital, have been previously reported.17 The study
protocol was approved by the Ethics Committee of Kyoto Uni-
versity Graduate School and Faculty of Medicine and was con-
ducted according to the Declaration of Helsinki. For this clinical
trial, participants were recruited via the website page of Kyoto

University Hospital and the University Hospital Medical Infor-
mation Network (UMIN) Clinical Trials Registry.

Assessment of necrotic lesion and radiographic
stage

Necrotic lesion type and size were assessed using the radiographic
classification proposed by the Specific Disease Investigation Com-
mittee (SDIC) in Japan (appendix 1).20 Staging of ION proposed by
the SDIC in Japan is a modified version of the system proposed by
the Association Research Circulation Osseous Committee.20

Inclusion criteria

Patients aged 20 to 50 years with radiographic stage 3A or 3B,
according to SDIC staging,20 were eligible for enrollment. Written
informed consent was obtained from all participants in the clin-
ical trial.

Exclusion criteria

Exclusion criteria were a history of transplantation on the affected
part of the hip, heavy smoking (Brinkman index >600), current
use of warfarin, diabetes mellitus (defined as hemoglobin A1c
>9.0%), arteriosclerosis obliterans, pregnancy, malignant disease,
myocardial infarction, brain infarction, rheumatoid arthritis,
dialysis use, hematologic disease (leukemia, myeloproliferative
disorder, myelodysplastic disorder), limited life expectancy, hep-
atitis B, hepatitis C, human immunodeficiency virus infection,
syphilis, hypotension (systolic blood pressure <90mmHg), low
body weight (<40kg), loss of marrow function (neutrophil count
<1500/mm3, hemoglobin level <11.0g/dL [men] or <10.0g/dL
[women], platelet count <100,000/mm3), change in medication
(bisphosphonates or steroids) within 3 months of the study, and
ineligibility determined by a doctor.

MSC transplantation augmented by vascularized
bone grafting

Under general anesthesia, 100mL of bone marrow was obtained
from the posterior iliac crest. Mononuclear cells containing MSCs
were cultured for approximately 2 weeks under 20% partial
pressure of oxygen (PO2) and 5% partial pressure of carbon di-
oxide (PCO2) conditions at 37

�C.
MSC transplantation was augmented by vascularized bone

grafting. Briefly, participants were placed on the table in the su-
pine position. A curved skin incision (modified Smith-Peterson
approach) was made from the iliac crest to the anterior aspect of
the proximal thigh.17 The rectus femoris was released, and the
anterior aspect of the femoral neck was explored. Then, a cortical
window (1.5�4cm) was prepared, through which a bony trough
connecting the necrotic area was created under both fluoroscopic
and endoscopic guidance. MSCs (0.5e1.5�108) premixed with
b-tricalcium phosphate granules (Osferiona) were transplanted
into the cavity created by curettage. Tricortical iliac crest bone
was harvested with a vascular pedicle and grafted into the bone
trough.16 Then, the joint capsule and rectus femoris were sutured.

Rehabilitation program

Rehabilitation was performed at a hospital for 12 weeks. During the
initial 4 weeks, rehabilitationwas performed at an acute care hospital
(table 1). Participants continued rehabilitation at a special rehabili-
tation hospital for 8 additional weeks. During the first 4 weeks,

List of abbreviations:

ION idiopathic osteonecrosis

MSC mesenchymal stromal cell

RM repetition maximum

ROM range of motion

SDIC Specific Disease Investigation Committee

SF-36 Medical Outcomes Study 36-Item Short-Form Health

Survey

THA total hip arthroplasty

Rehabilitation program after stem cell transplantation 533

www.archives-pmr.org

Ta
b
le

1
R
eh
ab
il
it
at
io
n
p
ro
g
ra
m

Ti
m
e
Co
u
rs
e

A
ft
er

Tr
ea
tm

en
t

Si
d
e

D
ay

1
D
ay

3
W
ee
k
1

W
ee
k
2

W
ee
k
3

W
ee
k
4

W
ee
k
5

W
ee
k
6

W
ee
k
8

W
ee
k
1
0

W
ee
k
1
2

D
is
ch
ar
g
e

R
es
t
le
ve
l

B
ed

re
st

W
h
ee
lc
h
ai
r

W
al
k
o
n

cr
u
tc
h

��
��

��
��

��
��

��
��

��
��

��
��

��
��

��
��

��
��

��
��

��
��

!
W
al
k
o
n
T-
ca
n
e

W
ei
g
h
t-
b
ea
ri
n
g

N
W
B

��
��

��
��

��
��

��
��

��
��

��
��

��
��

��
��

��
��

��
��

��
��

��!
1
/3

W
B

1
/2

W
B

2
/3

W
B

FW
B

R
O
M

ex
er
ci
se

Tr
an
sp
la
n
t

P
as
si
ve

F,
E
��

��
��

��
��

��
��

��
��

��
��

��
��

��
��

��
��

��
��

��
��

��
��

��
��

��
��

��
��

��
��

��
��

��
��

��
��

��!
P
as
si
ve

A
b
��

��
��

��
��

��
��

��
��

��
��

��
��

��
��

��
��

��
��

��
��

��
��

��
��

��
��

��
��

��
��

��
��

��!
P
as
si
ve

R
��

��
��

��
��

��
��

��
��

��
��

��
��

��
��

��
��

��
��

��
���

!
A
ct
iv
e
F,

E,
A
b
,
R

N
o
n
tr
an
sp
la
n
t

P
as
si
ve

&
ac
ti
ve

F,
E,

A
b
,
R
��

��
��

��
��

��
��

��
��

��
��

��
��

��
��

��
��

��
��

��
��

��
��

��
��

��
��

��
��

��
��

��
��

��
��

��
��

��
��

��
�!

M
u
sc
le

st
re
n
g
th

ex
er
ci
se

Tr
an
sp
la
n
t

Is
o
to
n
ic

(S
tr
ai
g
h
t
le
g
ra
is
in
g
,
n
o

w
ei
g
h
t)
��

��
��

��
��

��
��

��
��

��
��

��
��

��
��

��
��

��
��

��
���

!
Is
o
to
n
ic

(S
tr
ai
g
h
t
le
g
ra
is
in
g
,

2
-k
g
w
ei
g
h
t)

Is
o
ki
n
et
ic

F,
E
��

��
��

��
��

��
��

��
��

��
��

��
��

��
��

��
��

��
��

��
��

��
�!

Is
o
ki
n
et
ic

A
d
��

��
��

��
��

��
��

��
��

��
��

��
��

��
��

��
���

!
Is
o
ki
n
et
ic

R
��

��
��

��
��

��
��

��
��

��
��!

Is
o
ki
n
et
ic

A
b

Sq
u
at

&
h
ee
l
ra
is
e

N
o
n
tr
an
sp
la
n
t

Is
o
m
et
ri
c

F,
E,

A
b
,
R

��
��

��
��

��
��

��
��

��
��

��
��

��
��

��
��

��
��

��
��

��
��

��
��

��
��

��
��

��
��

��
��

��
��

��
��

��
��

��
��!

Is
o
ki
n
et
ic

F,
E,

A
b
,
R

Sq
u
at

&
h
ee
l

ra
is
e

��
��

��
��

��
��

��
��

��
��

��
��

��
��

��
��

��
��

��!

M
u
sc
le

st
re
n
g
th

ex
er
ci
se

o
f
u
p
p
er

li
m
b
��

��
��

��
��

��
��

��
��

��
��

��
��

��
��

��
��

��
��

��
��

��
��

��
��

��
��

��
��

��
��!

A
er
o
b
ic

tr
ai
n
in
g

A
er
o
b
ik
e
��

��
��

��
��

��
��

��
��

��
��

���
!

A
b
b
re
vi
at
io
n
s:

A
b
,
ab
d
u
ct
io
n
;
A
d
,
ad
du
ct
io
n
;
E,

ex
te
n
si
o
n
;
F,

fl
ex
io
n
;
FW

B
,
fu
ll
w
ei
g
h
t-
b
ea
ri
n
g
;
N
W
B
,
n
o
n
e
w
ei
gh

t-
b
ea
ri
n
g
;
R
,
ro
ta
ti
o
n
;
W
B
,
w
ei
g
h
t-
b
ea
ri
n
g
.

534 T. Aoyama et al

www.archives-pmr.org

－ 62 －

its mechanical properties and eventually collapses, causing artic-
ular surface deformities.1-3

Recently, surgical treatment has become more common than
nonsurgical treatment for ION in the United States.4 Conservative
treatment to offload forces by limiting weight-bearing, activity
modification, and physical therapy is thought to have limited
success in preventing disease progression.3,4 If the disease pro-
gresses, the patient eventually requires total hip arthroplasty
(THA).1-3 Although the survival rate of THA has improved
markedly, individuals with ION are typically young, and THA
durability is limited; therefore, joint-preserving treatment is
preferred. However, recent data indicate that joint-preserving
procedures are performed less often than THA.3

Regenerative medicine using cell transplantation is a prom-
ising treatment for patients with refractory disease. Mesenchymal
stromal cell (MSC) transplantation, for example, is a promising
new treatment for joint preservation in ION. MSCs can differen-
tiate into cells of osteogenic, chondrogenic, and adipogenic line-
ages in vitro.5-7 During early-stage ION, treatment with MSCs in
combination with core decompression surgery has resulted in
significant delay and even prevention of femoral head collapse.8-12

However, in more advanced stages, the result of this procedure has
not been satisfactory.12-14 Because bone marrow pressure is
elevated in the early stage of ION,15 core decompression to reduce
the pressure is required. However, in advanced-stage disease,
when subchondral bone fractures occur, initial strengthening,
instead of decompression, is needed to prevent collapse.16

We designed a protocol using a combination of MSCs and
vascularized bone grafts for treating advanced stages of ION.17

Because ION is caused by loss of blood supply and bone-
forming cells as well as mechanical vulnerability, vascularized
bone grafting is, theoretically, a reasonable treatment for this
condition.16,17 Although MSC transplantation is a promising
therapeutic strategy, rehabilitation interventions after surgery may
have a significant effect on the ultimate treatment result. However,
detailed information about rehabilitation programs after cell
transplantation has not yet been reported.8-14 Moreover, the effect
of rehabilitation alone on ION is controversial.18,19 This study
aimed to determine the feasibility and safety of a rehabilitation
program that was performed in a clinical trial of MSC trans-
plantation augmented by vascularized bone grafting for ION.

Methods

The current study was a prospective case series of subjects
enrolled in a clinical trial. Details of this prospective, open-
labeled, proof-of-concept clinical trial, conducted at Kyoto Uni-
versity Hospital, have been previously reported.17 The study
protocol was approved by the Ethics Committee of Kyoto Uni-
versity Graduate School and Faculty of Medicine and was con-
ducted according to the Declaration of Helsinki. For this clinical
trial, participants were recruited via the website page of Kyoto

University Hospital and the University Hospital Medical Infor-
mation Network (UMIN) Clinical Trials Registry.

Assessment of necrotic lesion and radiographic
stage

Necrotic lesion type and size were assessed using the radiographic
classification proposed by the Specific Disease Investigation Com-
mittee (SDIC) in Japan (appendix 1).20 Staging of ION proposed by
the SDIC in Japan is a modified version of the system proposed by
the Association Research Circulation Osseous Committee.20

Inclusion criteria

Patients aged 20 to 50 years with radiographic stage 3A or 3B,
according to SDIC staging,20 were eligible for enrollment. Written
informed consent was obtained from all participants in the clin-
ical trial.

Exclusion criteria

Exclusion criteria were a history of transplantation on the affected
part of the hip, heavy smoking (Brinkman index >600), current
use of warfarin, diabetes mellitus (defined as hemoglobin A1c
>9.0%), arteriosclerosis obliterans, pregnancy, malignant disease,
myocardial infarction, brain infarction, rheumatoid arthritis,
dialysis use, hematologic disease (leukemia, myeloproliferative
disorder, myelodysplastic disorder), limited life expectancy, hep-
atitis B, hepatitis C, human immunodeficiency virus infection,
syphilis, hypotension (systolic blood pressure <90mmHg), low
body weight (<40kg), loss of marrow function (neutrophil count
<1500/mm3, hemoglobin level <11.0g/dL [men] or <10.0g/dL
[women], platelet count <100,000/mm3), change in medication
(bisphosphonates or steroids) within 3 months of the study, and
ineligibility determined by a doctor.

MSC transplantation augmented by vascularized
bone grafting

Under general anesthesia, 100mL of bone marrow was obtained
from the posterior iliac crest. Mononuclear cells containing MSCs
were cultured for approximately 2 weeks under 20% partial
pressure of oxygen (PO2) and 5% partial pressure of carbon di-
oxide (PCO2) conditions at 37

�C.
MSC transplantation was augmented by vascularized bone

grafting. Briefly, participants were placed on the table in the su-
pine position. A curved skin incision (modified Smith-Peterson
approach) was made from the iliac crest to the anterior aspect of
the proximal thigh.17 The rectus femoris was released, and the
anterior aspect of the femoral neck was explored. Then, a cortical
window (1.5�4cm) was prepared, through which a bony trough
connecting the necrotic area was created under both fluoroscopic
and endoscopic guidance. MSCs (0.5e1.5�108) premixed with
b-tricalcium phosphate granules (Osferiona) were transplanted
into the cavity created by curettage. Tricortical iliac crest bone
was harvested with a vascular pedicle and grafted into the bone
trough.16 Then, the joint capsule and rectus femoris were sutured.

Rehabilitation program

Rehabilitation was performed at a hospital for 12 weeks. During the
initial 4 weeks, rehabilitationwas performed at an acute care hospital
(table 1). Participants continued rehabilitation at a special rehabili-
tation hospital for 8 additional weeks. During the first 4 weeks,

List of abbreviations:

ION idiopathic osteonecrosis

MSC mesenchymal stromal cell

RM repetition maximum

ROM range of motion

SDIC Specific Disease Investigation Committee

SF-36 Medical Outcomes Study 36-Item Short-Form Health

Survey

THA total hip arthroplasty

Rehabilitation program after stem cell transplantation 533
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its mechanical properties and eventually collapses, causing artic-
ular surface deformities.1-3

Recently, surgical treatment has become more common than
nonsurgical treatment for ION in the United States.4 Conservative
treatment to offload forces by limiting weight-bearing, activity
modification, and physical therapy is thought to have limited
success in preventing disease progression.3,4 If the disease pro-
gresses, the patient eventually requires total hip arthroplasty
(THA).1-3 Although the survival rate of THA has improved
markedly, individuals with ION are typically young, and THA
durability is limited; therefore, joint-preserving treatment is
preferred. However, recent data indicate that joint-preserving
procedures are performed less often than THA.3

Regenerative medicine using cell transplantation is a prom-
ising treatment for patients with refractory disease. Mesenchymal
stromal cell (MSC) transplantation, for example, is a promising
new treatment for joint preservation in ION. MSCs can differen-
tiate into cells of osteogenic, chondrogenic, and adipogenic line-
ages in vitro.5-7 During early-stage ION, treatment with MSCs in
combination with core decompression surgery has resulted in
significant delay and even prevention of femoral head collapse.8-12

However, in more advanced stages, the result of this procedure has
not been satisfactory.12-14 Because bone marrow pressure is
elevated in the early stage of ION,15 core decompression to reduce
the pressure is required. However, in advanced-stage disease,
when subchondral bone fractures occur, initial strengthening,
instead of decompression, is needed to prevent collapse.16

We designed a protocol using a combination of MSCs and
vascularized bone grafts for treating advanced stages of ION.17

Because ION is caused by loss of blood supply and bone-
forming cells as well as mechanical vulnerability, vascularized
bone grafting is, theoretically, a reasonable treatment for this
condition.16,17 Although MSC transplantation is a promising
therapeutic strategy, rehabilitation interventions after surgery may
have a significant effect on the ultimate treatment result. However,
detailed information about rehabilitation programs after cell
transplantation has not yet been reported.8-14 Moreover, the effect
of rehabilitation alone on ION is controversial.18,19 This study
aimed to determine the feasibility and safety of a rehabilitation
program that was performed in a clinical trial of MSC trans-
plantation augmented by vascularized bone grafting for ION.

Methods

The current study was a prospective case series of subjects
enrolled in a clinical trial. Details of this prospective, open-
labeled, proof-of-concept clinical trial, conducted at Kyoto Uni-
versity Hospital, have been previously reported.17 The study
protocol was approved by the Ethics Committee of Kyoto Uni-
versity Graduate School and Faculty of Medicine and was con-
ducted according to the Declaration of Helsinki. For this clinical
trial, participants were recruited via the website page of Kyoto

University Hospital and the University Hospital Medical Infor-
mation Network (UMIN) Clinical Trials Registry.

Assessment of necrotic lesion and radiographic
stage

Necrotic lesion type and size were assessed using the radiographic
classification proposed by the Specific Disease Investigation Com-
mittee (SDIC) in Japan (appendix 1).20 Staging of ION proposed by
the SDIC in Japan is a modified version of the system proposed by
the Association Research Circulation Osseous Committee.20

Inclusion criteria

Patients aged 20 to 50 years with radiographic stage 3A or 3B,
according to SDIC staging,20 were eligible for enrollment. Written
informed consent was obtained from all participants in the clin-
ical trial.

Exclusion criteria

Exclusion criteria were a history of transplantation on the affected
part of the hip, heavy smoking (Brinkman index >600), current
use of warfarin, diabetes mellitus (defined as hemoglobin A1c
>9.0%), arteriosclerosis obliterans, pregnancy, malignant disease,
myocardial infarction, brain infarction, rheumatoid arthritis,
dialysis use, hematologic disease (leukemia, myeloproliferative
disorder, myelodysplastic disorder), limited life expectancy, hep-
atitis B, hepatitis C, human immunodeficiency virus infection,
syphilis, hypotension (systolic blood pressure <90mmHg), low
body weight (<40kg), loss of marrow function (neutrophil count
<1500/mm3, hemoglobin level <11.0g/dL [men] or <10.0g/dL
[women], platelet count <100,000/mm3), change in medication
(bisphosphonates or steroids) within 3 months of the study, and
ineligibility determined by a doctor.

MSC transplantation augmented by vascularized
bone grafting

Under general anesthesia, 100mL of bone marrow was obtained
from the posterior iliac crest. Mononuclear cells containing MSCs
were cultured for approximately 2 weeks under 20% partial
pressure of oxygen (PO2) and 5% partial pressure of carbon di-
oxide (PCO2) conditions at 37

�C.
MSC transplantation was augmented by vascularized bone

grafting. Briefly, participants were placed on the table in the su-
pine position. A curved skin incision (modified Smith-Peterson
approach) was made from the iliac crest to the anterior aspect of
the proximal thigh.17 The rectus femoris was released, and the
anterior aspect of the femoral neck was explored. Then, a cortical
window (1.5�4cm) was prepared, through which a bony trough
connecting the necrotic area was created under both fluoroscopic
and endoscopic guidance. MSCs (0.5e1.5�108) premixed with
b-tricalcium phosphate granules (Osferiona) were transplanted
into the cavity created by curettage. Tricortical iliac crest bone
was harvested with a vascular pedicle and grafted into the bone
trough.16 Then, the joint capsule and rectus femoris were sutured.

Rehabilitation program

Rehabilitation was performed at a hospital for 12 weeks. During the
initial 4 weeks, rehabilitationwas performed at an acute care hospital
(table 1). Participants continued rehabilitation at a special rehabili-
tation hospital for 8 additional weeks. During the first 4 weeks,

List of abbreviations:

ION idiopathic osteonecrosis

MSC mesenchymal stromal cell

RM repetition maximum

ROM range of motion

SDIC Specific Disease Investigation Committee

SF-36 Medical Outcomes Study 36-Item Short-Form Health

Survey

THA total hip arthroplasty

Rehabilitation program after stem cell transplantation 533
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its mechanical properties and eventually collapses, causing artic-
ular surface deformities.1-3

Recently, surgical treatment has become more common than
nonsurgical treatment for ION in the United States.4 Conservative
treatment to offload forces by limiting weight-bearing, activity
modification, and physical therapy is thought to have limited
success in preventing disease progression.3,4 If the disease pro-
gresses, the patient eventually requires total hip arthroplasty
(THA).1-3 Although the survival rate of THA has improved
markedly, individuals with ION are typically young, and THA
durability is limited; therefore, joint-preserving treatment is
preferred. However, recent data indicate that joint-preserving
procedures are performed less often than THA.3

Regenerative medicine using cell transplantation is a prom-
ising treatment for patients with refractory disease. Mesenchymal
stromal cell (MSC) transplantation, for example, is a promising
new treatment for joint preservation in ION. MSCs can differen-
tiate into cells of osteogenic, chondrogenic, and adipogenic line-
ages in vitro.5-7 During early-stage ION, treatment with MSCs in
combination with core decompression surgery has resulted in
significant delay and even prevention of femoral head collapse.8-12

However, in more advanced stages, the result of this procedure has
not been satisfactory.12-14 Because bone marrow pressure is
elevated in the early stage of ION,15 core decompression to reduce
the pressure is required. However, in advanced-stage disease,
when subchondral bone fractures occur, initial strengthening,
instead of decompression, is needed to prevent collapse.16

We designed a protocol using a combination of MSCs and
vascularized bone grafts for treating advanced stages of ION.17

Because ION is caused by loss of blood supply and bone-
forming cells as well as mechanical vulnerability, vascularized
bone grafting is, theoretically, a reasonable treatment for this
condition.16,17 Although MSC transplantation is a promising
therapeutic strategy, rehabilitation interventions after surgery may
have a significant effect on the ultimate treatment result. However,
detailed information about rehabilitation programs after cell
transplantation has not yet been reported.8-14 Moreover, the effect
of rehabilitation alone on ION is controversial.18,19 This study
aimed to determine the feasibility and safety of a rehabilitation
program that was performed in a clinical trial of MSC trans-
plantation augmented by vascularized bone grafting for ION.

Methods

The current study was a prospective case series of subjects
enrolled in a clinical trial. Details of this prospective, open-
labeled, proof-of-concept clinical trial, conducted at Kyoto Uni-
versity Hospital, have been previously reported.17 The study
protocol was approved by the Ethics Committee of Kyoto Uni-
versity Graduate School and Faculty of Medicine and was con-
ducted according to the Declaration of Helsinki. For this clinical
trial, participants were recruited via the website page of Kyoto

University Hospital and the University Hospital Medical Infor-
mation Network (UMIN) Clinical Trials Registry.

Assessment of necrotic lesion and radiographic
stage

Necrotic lesion type and size were assessed using the radiographic
classification proposed by the Specific Disease Investigation Com-
mittee (SDIC) in Japan (appendix 1).20 Staging of ION proposed by
the SDIC in Japan is a modified version of the system proposed by
the Association Research Circulation Osseous Committee.20

Inclusion criteria

Patients aged 20 to 50 years with radiographic stage 3A or 3B,
according to SDIC staging,20 were eligible for enrollment. Written
informed consent was obtained from all participants in the clin-
ical trial.

Exclusion criteria

Exclusion criteria were a history of transplantation on the affected
part of the hip, heavy smoking (Brinkman index >600), current
use of warfarin, diabetes mellitus (defined as hemoglobin A1c
>9.0%), arteriosclerosis obliterans, pregnancy, malignant disease,
myocardial infarction, brain infarction, rheumatoid arthritis,
dialysis use, hematologic disease (leukemia, myeloproliferative
disorder, myelodysplastic disorder), limited life expectancy, hep-
atitis B, hepatitis C, human immunodeficiency virus infection,
syphilis, hypotension (systolic blood pressure <90mmHg), low
body weight (<40kg), loss of marrow function (neutrophil count
<1500/mm3, hemoglobin level <11.0g/dL [men] or <10.0g/dL
[women], platelet count <100,000/mm3), change in medication
(bisphosphonates or steroids) within 3 months of the study, and
ineligibility determined by a doctor.

MSC transplantation augmented by vascularized
bone grafting

Under general anesthesia, 100mL of bone marrow was obtained
from the posterior iliac crest. Mononuclear cells containing MSCs
were cultured for approximately 2 weeks under 20% partial
pressure of oxygen (PO2) and 5% partial pressure of carbon di-
oxide (PCO2) conditions at 37

�C.
MSC transplantation was augmented by vascularized bone

grafting. Briefly, participants were placed on the table in the su-
pine position. A curved skin incision (modified Smith-Peterson
approach) was made from the iliac crest to the anterior aspect of
the proximal thigh.17 The rectus femoris was released, and the
anterior aspect of the femoral neck was explored. Then, a cortical
window (1.5�4cm) was prepared, through which a bony trough
connecting the necrotic area was created under both fluoroscopic
and endoscopic guidance. MSCs (0.5e1.5�108) premixed with
b-tricalcium phosphate granules (Osferiona) were transplanted
into the cavity created by curettage. Tricortical iliac crest bone
was harvested with a vascular pedicle and grafted into the bone
trough.16 Then, the joint capsule and rectus femoris were sutured.

Rehabilitation program

Rehabilitation was performed at a hospital for 12 weeks. During the
initial 4 weeks, rehabilitationwas performed at an acute care hospital
(table 1). Participants continued rehabilitation at a special rehabili-
tation hospital for 8 additional weeks. During the first 4 weeks,

List of abbreviations:

ION idiopathic osteonecrosis

MSC mesenchymal stromal cell

RM repetition maximum

ROM range of motion

SDIC Specific Disease Investigation Committee

SF-36 Medical Outcomes Study 36-Item Short-Form Health

Survey

THA total hip arthroplasty
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physical therapywasperformed for 40minutes at a time, once a day, 5
days a week. After the initial 4 weeks, it was performed for 60 mi-
nutes at a time, twice a day, 6 days a week. The entire rehabilitation
program was supervised by skilled physiotherapists, and the specific
therapy received was recorded in the participant’s medical record.

Participants were kept noneweight-bearing for 6 weeks after
transplantation surgery, followed by one-third weight-bearing,
one-half weight-bearing, and two-thirds weight-bearing, pro-
gressing at 2-week intervals (see table 1). Full weight-bearing was
permitted 12 weeks after treatment.

Before performing range-of-motion (ROM) exercises, pain
level was assessed using a numeric rating scale. Passive flexion
and extension ROM exercises were initiated 2 weeks after treat-
ment on the transplant side. Passive adduction was initiated 3
weeks after treatment, and passive rotation ROM exercise was
initiated 6 weeks after treatment. Active ROM exercise in all
directions was initiated 12 weeks after treatment (see table 1).
Passive and active ROM exercises in all directions were initiated 3
days after treatment on the nontransplant side (see table 1).

For isotonic flexion muscle-strengthening exercise, straight
leg raising with no weight was started 6 weeks after treatment on
the transplant side (see table 1). Straight leg raising with 2-kg
weight was started after 10 weeks. The intensity of exercise
was defined by pain level. Each position was held for 5 seconds
and performed 5 times. For isokinetic flexion and extension
muscle-strengthening exercises, resistance training was started 6
weeks after treatment on the transplant side. The intensity of
exercise was increased by increasing the load by 40% to 80% of
10-repetition maximum (RM). Isokinetic adduction exercise was
added at 8 weeks, rotation exercise at 10 weeks, and adduction
exercise at 12 weeks after treatment. Isokinetic rotation exercise
was performed using Coxa Link.b Squat and heel raise exercises
were performed 12 weeks after treatment. On the nontransplant
side, isometric and isokinetic exercises were started 3 days after
treatment. If muscle weakness was present, the intensity of ex-
ercise was increased by increasing the load by 70% to 100% of
10RM for muscular hypertrophy. If muscle weakness was not
present, exercise loading was increased by 60% to 70% of 15RM
for muscular endurance. Nontransplant side squat and heel raise
exercises were started 6 weeks after treatment. Upper limb
muscle-strengthening exercises were performed using Shoulder
Linkb 1 week after treatment (see table 1).

Aerobic training was started 8 weeks after treatment. The
intensity of exercise was defined as a target heart rate of
220�(age�0.6) by using an Aerobike Aic for 30 minutes. After
discharge, participants continued home exercises and were
assessed once a month. Patients were allowed to resume sports
and work 6 months after confirmation of bone ossification
(see table 1).

Assessment

All participants underwent assessment before treatment and 6 and
12 months after treatment. Passive hip flexion, extension, abduc-
tion, and external rotation angles were measured using universal
goniometry. Hip flexor, extensor, and abductor strengths were
measured using a handheld dynamometerd during isometric
contraction for 3 seconds with manual resistance. Knee extensor
and flexor strengths and lower limb load were assessed using the
Iso Force GT-330.e Torque was expressed as a percentage of body
weight (Nm/kg). Values of lower limb load force were normalized
to body weight (N/kg). In the Timed Up and Go test, the time (in

seconds) that a participant required to stand from an armless chair
(chair seat height, 45cm), walk a distance of 3m, turn, walk back
to the chair, and sit down was measured. Health-related quality of
life was evaluated using the Medical Outcomes Study 36-Item
Short-Form Health Survey (SF-36).21

Adverse events

Compliance with the rehabilitation program and adverse events
were recorded in each participant’s medical record. Adverse
events were monitored by the Department of Clinical Trial
Design and Management Translational Research Center. Serious
adverse events were assessed by the External Data Moni-
toring Committee.

Statistical analysis

ROM, muscle strength, and SF-36 score were presented as the
median with 25% to 75% quartiles. For follow-up assessment of
changes in each outcome over time, the Friedman test was used to
identify overall significant differences at 3 different time points
(before treatment and 6 and 12mo after treatment) for each vari-
able. Post hoc Scheffe test was used to assess which time points
showed significant differences. A P value of <.05 was considered
statistically significant for all analyses.

Results

Between November 2007 and June 2009, 10 participants were
recruited into the clinical trial. All participants were men with an
average age of 31.7 years (range, 20e48y). A history of steroid
treatment was found in 4 participants (table 2). The pretreatment
radiographic stage was 3A in 6 hips and stage 3B in 4 hips (see
table 2). During the rehabilitation period (6mo after surgery),
there was no progression of disease. At 1 year after surgery, 6 hips
with stage 3A and 2 hips with stage 3B did not progress, but 2 hips
with stage 3B (cases 3 and 7) progressed to stage 4.17

Hip ROM

While nearly all ROM measures improved after treatment, the
only significant improvements were transplant-side external rota-
tion at 6 months (P<.05) and nontransplant-side flexion at 12
months (P<.01) (table 3).

Muscle strength and function

While nearly all muscle strength measures improved after treat-
ment, the only significant improvements were transplant-side
extensor and abductor strength at 12 months after treatment
(P<.05) (table 4).

On the nontransplant side, there was significant improvement
in lower limb load strength (P<.05) (see table 4). The remaining
subgroup scores showed posttreatment improvements that did not
reach statistical significance.

SF-36 subgroup score

There were significant improvements in physical function, role
physical, and bodily pain subgroup scores between the 3 time
points (before treatment and 6 and 12mo after treatment)
(P<.05) (table 5). There was also a significant difference in each
score between values before and 12 months after treat-
ment (P<.05).
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Adverse events

All participants completed the 12-week rehabilitation program.
There were 5 cases of muscle pain, 2 cases of muscle stiffness, and
1 case of ankle pain on initiation of load bearing, but no serious
adverse events were associated with rehabilitation. Radiography
showed no evidence of progression in femoral head collapse
during the rehabilitation period.

Discussion

In the current study, we designed a rehabilitation program that
focused on 3 aspects: (1) improving hip joint function, (2)
avoiding collapse of the femoral head, and (3) promoting bone
formation from transplanted cells by using a physical ther-
apy protocol.

In the field of rehabilitation, the relationship between pursuing
functional improvement and risk reduction becomes a trade-off in
some cases, but compatibility between them is important. To
accomplish this trade-off, it is helpful to simultaneously assess the

etiologic factors and radiologic findings of these patients in order
to treat ION.22,23 Further, lesion size, lesion location, and radio-
graphic staging can help determine the natural course of ION.22 In
our patients, necrotic lesion size was broad, and radiographic stage
had progressed (see table 2). The prognosis for steroid-induced
ION is better than that for ION associated with sickle cell ane-
mia.22 In our study, among the 10 participants, 4 had a history of
steroid use, while the other 6 had idiopathic ION (see table 2). The
rehabilitation program in patients with ION should consider these
aspects and should be planned carefully to avoid collapse of the
femoral head.

Weight-bearing was prohibited until 6 weeks after treatment
(see table 1), and full-weight sitting-to-standing actions were
prohibited until 12 weeks after treatment because of the high
pressure placed on the top of the femoral head.24-26 Not only
weight-bearing, but also muscle activity increases the acetabular
contact pressure. Isometric hip extension and active hip flexion
generate high pressure on the femoral head, equal to weight-
bearing and walking.25,26 By comparison, the pressure generated
by isotonic and isokinetic exercises is much less.25,26 Such joint-

Table 2 Baseline data of patients

Case Age (y) Sex Height (cm) Weight (kg) Affected Side Steroid Use Class* Stagey History

1 27 M 170.9 66.5 R Y C2 3B Nephritis

2 23 M 171.0 56.6 L Y C2 3A Cushing syndrome

3 48 M 174.7 87.5 R N C2 3B Meningioma

4 20 M 174.2 76.8 R Y C1 3A Hepatitis

5 35 M 178.8 70.0 L N C2 3A None

6 28 M 169.2 58.3 R N C2 3A None

7 39 M 183.1 85.2 R Y C2 3B Leukemia

8 26 M 175.1 66.4 R N C2 3B None

9 33 M 174.2 61.0 R N C2 3A None

10 38 M 166.7 52.9 R N C2 3A None

Abbreviations: L, left; M, male; N, no; R, right; Y, yes.

* Radiographic clinical classification proposed by Japanese Investigation Committee.
y Radiographic staging score by Japanese Investigation Committee.

Table 3 Comparison of hip ROM between pretreatment, 6 months after treatment, and 12 months after treatment (NZ10)

Hip ROM Pretreatment 6mo After Treatment

Effect Size

(Pre/6mo)

12mo After

Treatment

Effect Size

(Pre/12mo)

P at 3 Time Points

(Pre/6mo/12mo)

Flexion (deg)

Transplant side 97.5 (95.0e107.5) 107.5 (96.3e110.0) .58 107.5 (100e113.8) .74 .19

Nontransplant side 101.0 (100.0e110.0) 112.5 (100.0e113.8) .31 112.5 (101.3e120.0)* .47 <.01

Extension (deg)

Transplant side 20.0 (15.0e20.0) 20 (16.3e20.0) .12 15.0 (15.0e18.8) .47 .34

Nontransplant side 20.0 (16.3e20.0) 20.0 (15.0e20.0) .01 17.5 (15.0e20.0) 0 .92

Abduction (deg)

Transplant side 30.0 (21.3e35.0) 35.0 (30.0e40.0) .52 35.0 (30.0e38.8) .38 .24

Nontransplant side 35.0 (31.3e38.8) 37.5 (31.3e40.0) .23 35.0 (35.0e35.0) .11 .53

External rotation (deg)

Transplant side 45.0 (37.5e53.8) 50.0 (41.3e60.0)y .43 50.0 (42.5e53.8) .31 .09

Nontransplant side 40.0 (37.5e53.8) 50.0 (45.0e60.0) .46 50.0 (45.0e60.0) .42 .38

NOTE. Values are median (25%e75% quartiles) or as otherwise indicated. P values at 3 time points were calculated by Friedman test. Multiple

comparison test was performed by Scheffe test.

* P<.01.
y P<.05 as calculated by comparison with pretreatment.
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physical therapywasperformed for 40minutes at a time, once a day, 5
days a week. After the initial 4 weeks, it was performed for 60 mi-
nutes at a time, twice a day, 6 days a week. The entire rehabilitation
program was supervised by skilled physiotherapists, and the specific
therapy received was recorded in the participant’s medical record.

Participants were kept noneweight-bearing for 6 weeks after
transplantation surgery, followed by one-third weight-bearing,
one-half weight-bearing, and two-thirds weight-bearing, pro-
gressing at 2-week intervals (see table 1). Full weight-bearing was
permitted 12 weeks after treatment.

Before performing range-of-motion (ROM) exercises, pain
level was assessed using a numeric rating scale. Passive flexion
and extension ROM exercises were initiated 2 weeks after treat-
ment on the transplant side. Passive adduction was initiated 3
weeks after treatment, and passive rotation ROM exercise was
initiated 6 weeks after treatment. Active ROM exercise in all
directions was initiated 12 weeks after treatment (see table 1).
Passive and active ROM exercises in all directions were initiated 3
days after treatment on the nontransplant side (see table 1).

For isotonic flexion muscle-strengthening exercise, straight
leg raising with no weight was started 6 weeks after treatment on
the transplant side (see table 1). Straight leg raising with 2-kg
weight was started after 10 weeks. The intensity of exercise
was defined by pain level. Each position was held for 5 seconds
and performed 5 times. For isokinetic flexion and extension
muscle-strengthening exercises, resistance training was started 6
weeks after treatment on the transplant side. The intensity of
exercise was increased by increasing the load by 40% to 80% of
10-repetition maximum (RM). Isokinetic adduction exercise was
added at 8 weeks, rotation exercise at 10 weeks, and adduction
exercise at 12 weeks after treatment. Isokinetic rotation exercise
was performed using Coxa Link.b Squat and heel raise exercises
were performed 12 weeks after treatment. On the nontransplant
side, isometric and isokinetic exercises were started 3 days after
treatment. If muscle weakness was present, the intensity of ex-
ercise was increased by increasing the load by 70% to 100% of
10RM for muscular hypertrophy. If muscle weakness was not
present, exercise loading was increased by 60% to 70% of 15RM
for muscular endurance. Nontransplant side squat and heel raise
exercises were started 6 weeks after treatment. Upper limb
muscle-strengthening exercises were performed using Shoulder
Linkb 1 week after treatment (see table 1).

Aerobic training was started 8 weeks after treatment. The
intensity of exercise was defined as a target heart rate of
220�(age�0.6) by using an Aerobike Aic for 30 minutes. After
discharge, participants continued home exercises and were
assessed once a month. Patients were allowed to resume sports
and work 6 months after confirmation of bone ossification
(see table 1).

Assessment

All participants underwent assessment before treatment and 6 and
12 months after treatment. Passive hip flexion, extension, abduc-
tion, and external rotation angles were measured using universal
goniometry. Hip flexor, extensor, and abductor strengths were
measured using a handheld dynamometerd during isometric
contraction for 3 seconds with manual resistance. Knee extensor
and flexor strengths and lower limb load were assessed using the
Iso Force GT-330.e Torque was expressed as a percentage of body
weight (Nm/kg). Values of lower limb load force were normalized
to body weight (N/kg). In the Timed Up and Go test, the time (in

seconds) that a participant required to stand from an armless chair
(chair seat height, 45cm), walk a distance of 3m, turn, walk back
to the chair, and sit down was measured. Health-related quality of
life was evaluated using the Medical Outcomes Study 36-Item
Short-Form Health Survey (SF-36).21

Adverse events

Compliance with the rehabilitation program and adverse events
were recorded in each participant’s medical record. Adverse
events were monitored by the Department of Clinical Trial
Design and Management Translational Research Center. Serious
adverse events were assessed by the External Data Moni-
toring Committee.

Statistical analysis

ROM, muscle strength, and SF-36 score were presented as the
median with 25% to 75% quartiles. For follow-up assessment of
changes in each outcome over time, the Friedman test was used to
identify overall significant differences at 3 different time points
(before treatment and 6 and 12mo after treatment) for each vari-
able. Post hoc Scheffe test was used to assess which time points
showed significant differences. A P value of <.05 was considered
statistically significant for all analyses.

Results

Between November 2007 and June 2009, 10 participants were
recruited into the clinical trial. All participants were men with an
average age of 31.7 years (range, 20e48y). A history of steroid
treatment was found in 4 participants (table 2). The pretreatment
radiographic stage was 3A in 6 hips and stage 3B in 4 hips (see
table 2). During the rehabilitation period (6mo after surgery),
there was no progression of disease. At 1 year after surgery, 6 hips
with stage 3A and 2 hips with stage 3B did not progress, but 2 hips
with stage 3B (cases 3 and 7) progressed to stage 4.17

Hip ROM

While nearly all ROM measures improved after treatment, the
only significant improvements were transplant-side external rota-
tion at 6 months (P<.05) and nontransplant-side flexion at 12
months (P<.01) (table 3).

Muscle strength and function

While nearly all muscle strength measures improved after treat-
ment, the only significant improvements were transplant-side
extensor and abductor strength at 12 months after treatment
(P<.05) (table 4).

On the nontransplant side, there was significant improvement
in lower limb load strength (P<.05) (see table 4). The remaining
subgroup scores showed posttreatment improvements that did not
reach statistical significance.

SF-36 subgroup score

There were significant improvements in physical function, role
physical, and bodily pain subgroup scores between the 3 time
points (before treatment and 6 and 12mo after treatment)
(P<.05) (table 5). There was also a significant difference in each
score between values before and 12 months after treat-
ment (P<.05).
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Adverse events

All participants completed the 12-week rehabilitation program.
There were 5 cases of muscle pain, 2 cases of muscle stiffness, and
1 case of ankle pain on initiation of load bearing, but no serious
adverse events were associated with rehabilitation. Radiography
showed no evidence of progression in femoral head collapse
during the rehabilitation period.

Discussion

In the current study, we designed a rehabilitation program that
focused on 3 aspects: (1) improving hip joint function, (2)
avoiding collapse of the femoral head, and (3) promoting bone
formation from transplanted cells by using a physical ther-
apy protocol.

In the field of rehabilitation, the relationship between pursuing
functional improvement and risk reduction becomes a trade-off in
some cases, but compatibility between them is important. To
accomplish this trade-off, it is helpful to simultaneously assess the

etiologic factors and radiologic findings of these patients in order
to treat ION.22,23 Further, lesion size, lesion location, and radio-
graphic staging can help determine the natural course of ION.22 In
our patients, necrotic lesion size was broad, and radiographic stage
had progressed (see table 2). The prognosis for steroid-induced
ION is better than that for ION associated with sickle cell ane-
mia.22 In our study, among the 10 participants, 4 had a history of
steroid use, while the other 6 had idiopathic ION (see table 2). The
rehabilitation program in patients with ION should consider these
aspects and should be planned carefully to avoid collapse of the
femoral head.

Weight-bearing was prohibited until 6 weeks after treatment
(see table 1), and full-weight sitting-to-standing actions were
prohibited until 12 weeks after treatment because of the high
pressure placed on the top of the femoral head.24-26 Not only
weight-bearing, but also muscle activity increases the acetabular
contact pressure. Isometric hip extension and active hip flexion
generate high pressure on the femoral head, equal to weight-
bearing and walking.25,26 By comparison, the pressure generated
by isotonic and isokinetic exercises is much less.25,26 Such joint-

Table 2 Baseline data of patients

Case Age (y) Sex Height (cm) Weight (kg) Affected Side Steroid Use Class* Stagey History

1 27 M 170.9 66.5 R Y C2 3B Nephritis

2 23 M 171.0 56.6 L Y C2 3A Cushing syndrome

3 48 M 174.7 87.5 R N C2 3B Meningioma

4 20 M 174.2 76.8 R Y C1 3A Hepatitis

5 35 M 178.8 70.0 L N C2 3A None

6 28 M 169.2 58.3 R N C2 3A None

7 39 M 183.1 85.2 R Y C2 3B Leukemia

8 26 M 175.1 66.4 R N C2 3B None

9 33 M 174.2 61.0 R N C2 3A None

10 38 M 166.7 52.9 R N C2 3A None

Abbreviations: L, left; M, male; N, no; R, right; Y, yes.

* Radiographic clinical classification proposed by Japanese Investigation Committee.
y Radiographic staging score by Japanese Investigation Committee.

Table 3 Comparison of hip ROM between pretreatment, 6 months after treatment, and 12 months after treatment (NZ10)

Hip ROM Pretreatment 6mo After Treatment

Effect Size

(Pre/6mo)

12mo After

Treatment

Effect Size

(Pre/12mo)

P at 3 Time Points

(Pre/6mo/12mo)

Flexion (deg)

Transplant side 97.5 (95.0e107.5) 107.5 (96.3e110.0) .58 107.5 (100e113.8) .74 .19

Nontransplant side 101.0 (100.0e110.0) 112.5 (100.0e113.8) .31 112.5 (101.3e120.0)* .47 <.01

Extension (deg)

Transplant side 20.0 (15.0e20.0) 20 (16.3e20.0) .12 15.0 (15.0e18.8) .47 .34

Nontransplant side 20.0 (16.3e20.0) 20.0 (15.0e20.0) .01 17.5 (15.0e20.0) 0 .92

Abduction (deg)

Transplant side 30.0 (21.3e35.0) 35.0 (30.0e40.0) .52 35.0 (30.0e38.8) .38 .24

Nontransplant side 35.0 (31.3e38.8) 37.5 (31.3e40.0) .23 35.0 (35.0e35.0) .11 .53

External rotation (deg)

Transplant side 45.0 (37.5e53.8) 50.0 (41.3e60.0)y .43 50.0 (42.5e53.8) .31 .09

Nontransplant side 40.0 (37.5e53.8) 50.0 (45.0e60.0) .46 50.0 (45.0e60.0) .42 .38

NOTE. Values are median (25%e75% quartiles) or as otherwise indicated. P values at 3 time points were calculated by Friedman test. Multiple

comparison test was performed by Scheffe test.

* P<.01.
y P<.05 as calculated by comparison with pretreatment.
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physical therapywasperformed for 40minutes at a time, once a day, 5
days a week. After the initial 4 weeks, it was performed for 60 mi-
nutes at a time, twice a day, 6 days a week. The entire rehabilitation
program was supervised by skilled physiotherapists, and the specific
therapy received was recorded in the participant’s medical record.

Participants were kept noneweight-bearing for 6 weeks after
transplantation surgery, followed by one-third weight-bearing,
one-half weight-bearing, and two-thirds weight-bearing, pro-
gressing at 2-week intervals (see table 1). Full weight-bearing was
permitted 12 weeks after treatment.

Before performing range-of-motion (ROM) exercises, pain
level was assessed using a numeric rating scale. Passive flexion
and extension ROM exercises were initiated 2 weeks after treat-
ment on the transplant side. Passive adduction was initiated 3
weeks after treatment, and passive rotation ROM exercise was
initiated 6 weeks after treatment. Active ROM exercise in all
directions was initiated 12 weeks after treatment (see table 1).
Passive and active ROM exercises in all directions were initiated 3
days after treatment on the nontransplant side (see table 1).

For isotonic flexion muscle-strengthening exercise, straight
leg raising with no weight was started 6 weeks after treatment on
the transplant side (see table 1). Straight leg raising with 2-kg
weight was started after 10 weeks. The intensity of exercise
was defined by pain level. Each position was held for 5 seconds
and performed 5 times. For isokinetic flexion and extension
muscle-strengthening exercises, resistance training was started 6
weeks after treatment on the transplant side. The intensity of
exercise was increased by increasing the load by 40% to 80% of
10-repetition maximum (RM). Isokinetic adduction exercise was
added at 8 weeks, rotation exercise at 10 weeks, and adduction
exercise at 12 weeks after treatment. Isokinetic rotation exercise
was performed using Coxa Link.b Squat and heel raise exercises
were performed 12 weeks after treatment. On the nontransplant
side, isometric and isokinetic exercises were started 3 days after
treatment. If muscle weakness was present, the intensity of ex-
ercise was increased by increasing the load by 70% to 100% of
10RM for muscular hypertrophy. If muscle weakness was not
present, exercise loading was increased by 60% to 70% of 15RM
for muscular endurance. Nontransplant side squat and heel raise
exercises were started 6 weeks after treatment. Upper limb
muscle-strengthening exercises were performed using Shoulder
Linkb 1 week after treatment (see table 1).

Aerobic training was started 8 weeks after treatment. The
intensity of exercise was defined as a target heart rate of
220�(age�0.6) by using an Aerobike Aic for 30 minutes. After
discharge, participants continued home exercises and were
assessed once a month. Patients were allowed to resume sports
and work 6 months after confirmation of bone ossification
(see table 1).

Assessment

All participants underwent assessment before treatment and 6 and
12 months after treatment. Passive hip flexion, extension, abduc-
tion, and external rotation angles were measured using universal
goniometry. Hip flexor, extensor, and abductor strengths were
measured using a handheld dynamometerd during isometric
contraction for 3 seconds with manual resistance. Knee extensor
and flexor strengths and lower limb load were assessed using the
Iso Force GT-330.e Torque was expressed as a percentage of body
weight (Nm/kg). Values of lower limb load force were normalized
to body weight (N/kg). In the Timed Up and Go test, the time (in

seconds) that a participant required to stand from an armless chair
(chair seat height, 45cm), walk a distance of 3m, turn, walk back
to the chair, and sit down was measured. Health-related quality of
life was evaluated using the Medical Outcomes Study 36-Item
Short-Form Health Survey (SF-36).21

Adverse events

Compliance with the rehabilitation program and adverse events
were recorded in each participant’s medical record. Adverse
events were monitored by the Department of Clinical Trial
Design and Management Translational Research Center. Serious
adverse events were assessed by the External Data Moni-
toring Committee.

Statistical analysis

ROM, muscle strength, and SF-36 score were presented as the
median with 25% to 75% quartiles. For follow-up assessment of
changes in each outcome over time, the Friedman test was used to
identify overall significant differences at 3 different time points
(before treatment and 6 and 12mo after treatment) for each vari-
able. Post hoc Scheffe test was used to assess which time points
showed significant differences. A P value of <.05 was considered
statistically significant for all analyses.

Results

Between November 2007 and June 2009, 10 participants were
recruited into the clinical trial. All participants were men with an
average age of 31.7 years (range, 20e48y). A history of steroid
treatment was found in 4 participants (table 2). The pretreatment
radiographic stage was 3A in 6 hips and stage 3B in 4 hips (see
table 2). During the rehabilitation period (6mo after surgery),
there was no progression of disease. At 1 year after surgery, 6 hips
with stage 3A and 2 hips with stage 3B did not progress, but 2 hips
with stage 3B (cases 3 and 7) progressed to stage 4.17

Hip ROM

While nearly all ROM measures improved after treatment, the
only significant improvements were transplant-side external rota-
tion at 6 months (P<.05) and nontransplant-side flexion at 12
months (P<.01) (table 3).

Muscle strength and function

While nearly all muscle strength measures improved after treat-
ment, the only significant improvements were transplant-side
extensor and abductor strength at 12 months after treatment
(P<.05) (table 4).

On the nontransplant side, there was significant improvement
in lower limb load strength (P<.05) (see table 4). The remaining
subgroup scores showed posttreatment improvements that did not
reach statistical significance.

SF-36 subgroup score

There were significant improvements in physical function, role
physical, and bodily pain subgroup scores between the 3 time
points (before treatment and 6 and 12mo after treatment)
(P<.05) (table 5). There was also a significant difference in each
score between values before and 12 months after treat-
ment (P<.05).
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Adverse events

All participants completed the 12-week rehabilitation program.
There were 5 cases of muscle pain, 2 cases of muscle stiffness, and
1 case of ankle pain on initiation of load bearing, but no serious
adverse events were associated with rehabilitation. Radiography
showed no evidence of progression in femoral head collapse
during the rehabilitation period.

Discussion

In the current study, we designed a rehabilitation program that
focused on 3 aspects: (1) improving hip joint function, (2)
avoiding collapse of the femoral head, and (3) promoting bone
formation from transplanted cells by using a physical ther-
apy protocol.

In the field of rehabilitation, the relationship between pursuing
functional improvement and risk reduction becomes a trade-off in
some cases, but compatibility between them is important. To
accomplish this trade-off, it is helpful to simultaneously assess the

etiologic factors and radiologic findings of these patients in order
to treat ION.22,23 Further, lesion size, lesion location, and radio-
graphic staging can help determine the natural course of ION.22 In
our patients, necrotic lesion size was broad, and radiographic stage
had progressed (see table 2). The prognosis for steroid-induced
ION is better than that for ION associated with sickle cell ane-
mia.22 In our study, among the 10 participants, 4 had a history of
steroid use, while the other 6 had idiopathic ION (see table 2). The
rehabilitation program in patients with ION should consider these
aspects and should be planned carefully to avoid collapse of the
femoral head.

Weight-bearing was prohibited until 6 weeks after treatment
(see table 1), and full-weight sitting-to-standing actions were
prohibited until 12 weeks after treatment because of the high
pressure placed on the top of the femoral head.24-26 Not only
weight-bearing, but also muscle activity increases the acetabular
contact pressure. Isometric hip extension and active hip flexion
generate high pressure on the femoral head, equal to weight-
bearing and walking.25,26 By comparison, the pressure generated
by isotonic and isokinetic exercises is much less.25,26 Such joint-

Table 2 Baseline data of patients

Case Age (y) Sex Height (cm) Weight (kg) Affected Side Steroid Use Class* Stagey History

1 27 M 170.9 66.5 R Y C2 3B Nephritis

2 23 M 171.0 56.6 L Y C2 3A Cushing syndrome

3 48 M 174.7 87.5 R N C2 3B Meningioma

4 20 M 174.2 76.8 R Y C1 3A Hepatitis

5 35 M 178.8 70.0 L N C2 3A None

6 28 M 169.2 58.3 R N C2 3A None

7 39 M 183.1 85.2 R Y C2 3B Leukemia

8 26 M 175.1 66.4 R N C2 3B None

9 33 M 174.2 61.0 R N C2 3A None

10 38 M 166.7 52.9 R N C2 3A None

Abbreviations: L, left; M, male; N, no; R, right; Y, yes.

* Radiographic clinical classification proposed by Japanese Investigation Committee.
y Radiographic staging score by Japanese Investigation Committee.

Table 3 Comparison of hip ROM between pretreatment, 6 months after treatment, and 12 months after treatment (NZ10)

Hip ROM Pretreatment 6mo After Treatment

Effect Size

(Pre/6mo)

12mo After

Treatment

Effect Size

(Pre/12mo)

P at 3 Time Points

(Pre/6mo/12mo)

Flexion (deg)

Transplant side 97.5 (95.0e107.5) 107.5 (96.3e110.0) .58 107.5 (100e113.8) .74 .19

Nontransplant side 101.0 (100.0e110.0) 112.5 (100.0e113.8) .31 112.5 (101.3e120.0)* .47 <.01

Extension (deg)

Transplant side 20.0 (15.0e20.0) 20 (16.3e20.0) .12 15.0 (15.0e18.8) .47 .34

Nontransplant side 20.0 (16.3e20.0) 20.0 (15.0e20.0) .01 17.5 (15.0e20.0) 0 .92

Abduction (deg)

Transplant side 30.0 (21.3e35.0) 35.0 (30.0e40.0) .52 35.0 (30.0e38.8) .38 .24

Nontransplant side 35.0 (31.3e38.8) 37.5 (31.3e40.0) .23 35.0 (35.0e35.0) .11 .53

External rotation (deg)

Transplant side 45.0 (37.5e53.8) 50.0 (41.3e60.0)y .43 50.0 (42.5e53.8) .31 .09

Nontransplant side 40.0 (37.5e53.8) 50.0 (45.0e60.0) .46 50.0 (45.0e60.0) .42 .38

NOTE. Values are median (25%e75% quartiles) or as otherwise indicated. P values at 3 time points were calculated by Friedman test. Multiple

comparison test was performed by Scheffe test.

* P<.01.
y P<.05 as calculated by comparison with pretreatment.
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physical therapywasperformed for 40minutes at a time, once a day, 5
days a week. After the initial 4 weeks, it was performed for 60 mi-
nutes at a time, twice a day, 6 days a week. The entire rehabilitation
program was supervised by skilled physiotherapists, and the specific
therapy received was recorded in the participant’s medical record.

Participants were kept noneweight-bearing for 6 weeks after
transplantation surgery, followed by one-third weight-bearing,
one-half weight-bearing, and two-thirds weight-bearing, pro-
gressing at 2-week intervals (see table 1). Full weight-bearing was
permitted 12 weeks after treatment.

Before performing range-of-motion (ROM) exercises, pain
level was assessed using a numeric rating scale. Passive flexion
and extension ROM exercises were initiated 2 weeks after treat-
ment on the transplant side. Passive adduction was initiated 3
weeks after treatment, and passive rotation ROM exercise was
initiated 6 weeks after treatment. Active ROM exercise in all
directions was initiated 12 weeks after treatment (see table 1).
Passive and active ROM exercises in all directions were initiated 3
days after treatment on the nontransplant side (see table 1).

For isotonic flexion muscle-strengthening exercise, straight
leg raising with no weight was started 6 weeks after treatment on
the transplant side (see table 1). Straight leg raising with 2-kg
weight was started after 10 weeks. The intensity of exercise
was defined by pain level. Each position was held for 5 seconds
and performed 5 times. For isokinetic flexion and extension
muscle-strengthening exercises, resistance training was started 6
weeks after treatment on the transplant side. The intensity of
exercise was increased by increasing the load by 40% to 80% of
10-repetition maximum (RM). Isokinetic adduction exercise was
added at 8 weeks, rotation exercise at 10 weeks, and adduction
exercise at 12 weeks after treatment. Isokinetic rotation exercise
was performed using Coxa Link.b Squat and heel raise exercises
were performed 12 weeks after treatment. On the nontransplant
side, isometric and isokinetic exercises were started 3 days after
treatment. If muscle weakness was present, the intensity of ex-
ercise was increased by increasing the load by 70% to 100% of
10RM for muscular hypertrophy. If muscle weakness was not
present, exercise loading was increased by 60% to 70% of 15RM
for muscular endurance. Nontransplant side squat and heel raise
exercises were started 6 weeks after treatment. Upper limb
muscle-strengthening exercises were performed using Shoulder
Linkb 1 week after treatment (see table 1).

Aerobic training was started 8 weeks after treatment. The
intensity of exercise was defined as a target heart rate of
220�(age�0.6) by using an Aerobike Aic for 30 minutes. After
discharge, participants continued home exercises and were
assessed once a month. Patients were allowed to resume sports
and work 6 months after confirmation of bone ossification
(see table 1).

Assessment

All participants underwent assessment before treatment and 6 and
12 months after treatment. Passive hip flexion, extension, abduc-
tion, and external rotation angles were measured using universal
goniometry. Hip flexor, extensor, and abductor strengths were
measured using a handheld dynamometerd during isometric
contraction for 3 seconds with manual resistance. Knee extensor
and flexor strengths and lower limb load were assessed using the
Iso Force GT-330.e Torque was expressed as a percentage of body
weight (Nm/kg). Values of lower limb load force were normalized
to body weight (N/kg). In the Timed Up and Go test, the time (in

seconds) that a participant required to stand from an armless chair
(chair seat height, 45cm), walk a distance of 3m, turn, walk back
to the chair, and sit down was measured. Health-related quality of
life was evaluated using the Medical Outcomes Study 36-Item
Short-Form Health Survey (SF-36).21

Adverse events

Compliance with the rehabilitation program and adverse events
were recorded in each participant’s medical record. Adverse
events were monitored by the Department of Clinical Trial
Design and Management Translational Research Center. Serious
adverse events were assessed by the External Data Moni-
toring Committee.

Statistical analysis

ROM, muscle strength, and SF-36 score were presented as the
median with 25% to 75% quartiles. For follow-up assessment of
changes in each outcome over time, the Friedman test was used to
identify overall significant differences at 3 different time points
(before treatment and 6 and 12mo after treatment) for each vari-
able. Post hoc Scheffe test was used to assess which time points
showed significant differences. A P value of <.05 was considered
statistically significant for all analyses.

Results

Between November 2007 and June 2009, 10 participants were
recruited into the clinical trial. All participants were men with an
average age of 31.7 years (range, 20e48y). A history of steroid
treatment was found in 4 participants (table 2). The pretreatment
radiographic stage was 3A in 6 hips and stage 3B in 4 hips (see
table 2). During the rehabilitation period (6mo after surgery),
there was no progression of disease. At 1 year after surgery, 6 hips
with stage 3A and 2 hips with stage 3B did not progress, but 2 hips
with stage 3B (cases 3 and 7) progressed to stage 4.17

Hip ROM

While nearly all ROM measures improved after treatment, the
only significant improvements were transplant-side external rota-
tion at 6 months (P<.05) and nontransplant-side flexion at 12
months (P<.01) (table 3).

Muscle strength and function

While nearly all muscle strength measures improved after treat-
ment, the only significant improvements were transplant-side
extensor and abductor strength at 12 months after treatment
(P<.05) (table 4).

On the nontransplant side, there was significant improvement
in lower limb load strength (P<.05) (see table 4). The remaining
subgroup scores showed posttreatment improvements that did not
reach statistical significance.

SF-36 subgroup score

There were significant improvements in physical function, role
physical, and bodily pain subgroup scores between the 3 time
points (before treatment and 6 and 12mo after treatment)
(P<.05) (table 5). There was also a significant difference in each
score between values before and 12 months after treat-
ment (P<.05).
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Adverse events

All participants completed the 12-week rehabilitation program.
There were 5 cases of muscle pain, 2 cases of muscle stiffness, and
1 case of ankle pain on initiation of load bearing, but no serious
adverse events were associated with rehabilitation. Radiography
showed no evidence of progression in femoral head collapse
during the rehabilitation period.

Discussion

In the current study, we designed a rehabilitation program that
focused on 3 aspects: (1) improving hip joint function, (2)
avoiding collapse of the femoral head, and (3) promoting bone
formation from transplanted cells by using a physical ther-
apy protocol.

In the field of rehabilitation, the relationship between pursuing
functional improvement and risk reduction becomes a trade-off in
some cases, but compatibility between them is important. To
accomplish this trade-off, it is helpful to simultaneously assess the

etiologic factors and radiologic findings of these patients in order
to treat ION.22,23 Further, lesion size, lesion location, and radio-
graphic staging can help determine the natural course of ION.22 In
our patients, necrotic lesion size was broad, and radiographic stage
had progressed (see table 2). The prognosis for steroid-induced
ION is better than that for ION associated with sickle cell ane-
mia.22 In our study, among the 10 participants, 4 had a history of
steroid use, while the other 6 had idiopathic ION (see table 2). The
rehabilitation program in patients with ION should consider these
aspects and should be planned carefully to avoid collapse of the
femoral head.

Weight-bearing was prohibited until 6 weeks after treatment
(see table 1), and full-weight sitting-to-standing actions were
prohibited until 12 weeks after treatment because of the high
pressure placed on the top of the femoral head.24-26 Not only
weight-bearing, but also muscle activity increases the acetabular
contact pressure. Isometric hip extension and active hip flexion
generate high pressure on the femoral head, equal to weight-
bearing and walking.25,26 By comparison, the pressure generated
by isotonic and isokinetic exercises is much less.25,26 Such joint-

Table 2 Baseline data of patients

Case Age (y) Sex Height (cm) Weight (kg) Affected Side Steroid Use Class* Stagey History

1 27 M 170.9 66.5 R Y C2 3B Nephritis

2 23 M 171.0 56.6 L Y C2 3A Cushing syndrome

3 48 M 174.7 87.5 R N C2 3B Meningioma

4 20 M 174.2 76.8 R Y C1 3A Hepatitis

5 35 M 178.8 70.0 L N C2 3A None

6 28 M 169.2 58.3 R N C2 3A None

7 39 M 183.1 85.2 R Y C2 3B Leukemia

8 26 M 175.1 66.4 R N C2 3B None

9 33 M 174.2 61.0 R N C2 3A None

10 38 M 166.7 52.9 R N C2 3A None

Abbreviations: L, left; M, male; N, no; R, right; Y, yes.

* Radiographic clinical classification proposed by Japanese Investigation Committee.
y Radiographic staging score by Japanese Investigation Committee.

Table 3 Comparison of hip ROM between pretreatment, 6 months after treatment, and 12 months after treatment (NZ10)

Hip ROM Pretreatment 6mo After Treatment

Effect Size

(Pre/6mo)

12mo After

Treatment

Effect Size

(Pre/12mo)

P at 3 Time Points

(Pre/6mo/12mo)

Flexion (deg)

Transplant side 97.5 (95.0e107.5) 107.5 (96.3e110.0) .58 107.5 (100e113.8) .74 .19

Nontransplant side 101.0 (100.0e110.0) 112.5 (100.0e113.8) .31 112.5 (101.3e120.0)* .47 <.01

Extension (deg)

Transplant side 20.0 (15.0e20.0) 20 (16.3e20.0) .12 15.0 (15.0e18.8) .47 .34

Nontransplant side 20.0 (16.3e20.0) 20.0 (15.0e20.0) .01 17.5 (15.0e20.0) 0 .92

Abduction (deg)

Transplant side 30.0 (21.3e35.0) 35.0 (30.0e40.0) .52 35.0 (30.0e38.8) .38 .24

Nontransplant side 35.0 (31.3e38.8) 37.5 (31.3e40.0) .23 35.0 (35.0e35.0) .11 .53

External rotation (deg)

Transplant side 45.0 (37.5e53.8) 50.0 (41.3e60.0)y .43 50.0 (42.5e53.8) .31 .09

Nontransplant side 40.0 (37.5e53.8) 50.0 (45.0e60.0) .46 50.0 (45.0e60.0) .42 .38

NOTE. Values are median (25%e75% quartiles) or as otherwise indicated. P values at 3 time points were calculated by Friedman test. Multiple

comparison test was performed by Scheffe test.

* P<.01.
y P<.05 as calculated by comparison with pretreatment.
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preserving, muscle-strengthening exercise has been reported in
physical therapy for osteoarthritis.27,28 We designed the rehabili-
tation program so that isotonic and isokinetic exercises could be
performed on the transplant side before isometric exercises (see
table 1). All participants completed the 12-week rehabilitation
program without excessive pain. Functional improvement was
observed, and there were no serious adverse events associated with
rehabilitation. These results suggest that the first 2 aims of our
study were achieved.

Although we could not show clear evidence that the current
rehabilitation program promotes bone formation, mechanical
stimulation may be important for bone formation of

transplanted cells. Lack of mechanical loading causes bone loss
and fractures in the elderly.29 During physical activity, me-
chanical forces are placed on the bones through ground reaction
forces and the contractile activity of muscles.30,31 Adapting
physical forces to bone structure results in maintenance and
prevention of fractures in the elderly.30 Fluid flow, strain, and
hydrostatic pressure are mechanotransducers of physical force
to osteocytes.29,31,32 Stimulated mechanoreceptors on osteocytes
activate the prostaglandin and Wnt pathways.33 Mechanical
loading stimulates not only osteocytes but also osteoblasts34,35

and MSCs.36,37 Oscillatory fluid flow promotes the prolifera-
tion and differentiation of marrow MSCs.37 Furthermore,

Table 4 Comparison of physical function between pretreatment, 6 months after treatment, and 12 months after treatment (NZ10)

Measure Pretreatment 6mo After Treatment

Effect Size

(Pre/6mo)

12mo After

Treatment

Effect Size

(Pre/12mo)

P at 3 Time

Points

(Pre/6mo/

12mo)

Hip flexor strength (Nm/kg)

Transplant side 1.39 (1.01e1.65) 1.49 (1.35e1.86) 0.74 1.79 (1.58e1.91) 0.70 .12

Nontransplant side 1.30 (1.05e1.50) 1.82 (1.38e1.96) 1.14 1.73 (1.68e2.03) 1.12 .08

Hip extensor strength (Nm/kg)

Transplant side 0.56 (0.43e0.78) 1.48 (0.84e1.56) 0.98 1.28 (0.86e1.69)* 1.00 <.05

Nontransplant side 0.64 (0.37e0.80) 1.13 (0.82e1.49) 1.18 1.61 (0.96e1.77) 1.62 .08

Hip abductor strength (Nm/kg)

Transplant side 0.67 (0.51e1.29) 1.20 (0.81e1.43) 0.58 1.28 (1.05e1.78)* 0.86 <.05

Nontransplant side 0.66 (0.52e1.37) 1.21 (0.88e1.66) 0.53 1.28 (1.21e1.85) 0.71 .20

Knee flexor strength (Nm/kg)

Transplant side 1.36 (1.18e1.79) 1.55 (1.32e1.81) 0.38 1.63 (1.37e1.71) 0.47 .15

Nontransplant side 1.36 (1.11e1.70) 1.50 (1.12e1.66) 0.29 1.55 (1.27e1.58) 0.37 .07

Knee extensor strength (Nm/kg)

Transplant side 2.77 (2.24e3.37) 2.97 (2.42e4.09) 0.46 3.22 (2.93e3.69) 0.56 .10

Nontransplant side 2.71 (2.50e4.00) 3.38 (2.98e3.83) 0.49 3.51 (2.72e4.10) 0.36 .19

Lower limb load (N/kg)

Transplant side 10.61 (8.01e14.58) 15.78 (9.16e20.02) 0.99 15.34 (12.04e19.74) 0.98 .06

Nontransplant side 14.16 (10.36e20.65) 17.61 (12.49e21.72) 0.47 18.04 (14.12e23.50)* 0.70 <.05

Timed Up and Go test (s) 7.06(5.82e7.31) 6.11 (4.96e7.00) 0.51 5.40 (5.00e6.50) 0.77 .15

NOTE. Values are median (25%e75% quartiles) or as otherwise indicated. P values at 3 time points were calculated by Friedman test. Multiple

comparison test was performed by Scheffe test.

* P<.05, as calculated by comparison with pretreatment.

Table 5 Comparison of SF-36 subgroups scores between pretreatment, 6 months after treatment, and 12 months after treatment (NZ6)

SF-36

Subgroups Pretreatment

6mo After

Treatment

Effect Size

(Pre/6mo)

12mo After

Treatment

Effect Size

(Pre/12mo

P at 3 Time Points

(Pre/6mo/12mo)

Physical function 45 (36.3e65) 90 (78.8e95) 1.54 92.5 (78.8e95)* 1.58 <.05

Role-physical 40.6 (36.3e78.1) 68.8 (57.8e93.8) 0.71 96.9 (93.8e100)* 1.63 <.05

Bodily pain 52 (51.3e52) 72 (64.5e72) 2.83 73 (64.5e81.5)* 3.18 <.05

General health 59.5 (49.5e77) 77 (61.8e90.8) 0.66 79.5 (62e88) 0.72 .31

Vitality 71.9 (54.7e84.4) 68.8 (62.5e84.4) 0.22 71.9 (62.5e85.9) 0.11 .58

Social function 31.3 (25e84.4) 100 (71.9e100) 0.90 93.8 (78.2e100) 1.00 .21

Role-emotion 50 (37.5e87.5) 100 (100e100) 0.89 100 (100e100) 1.15 .13

Mental health 80 (71.2e88.8) 90 (82.5e90) 0.52 80 (80e83.4) 0.44 .27

NOTE. Values are median (25%e75% quartiles) or as otherwise indicated. P values at 3 time points were calculated by Friedman test. Multiple

comparison test was performed by Scheffe test.

* P<.05 as calculated by comparison with pretreatment.
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mechanical signals inhibit adipogenesis and promote the anab-
olism of osteogenesis.36 A report by Ambrosio et al38 reveals
important information about this issue. Treadmill running has a
synergistic effect on healing injured skeletal muscle after
muscle-derived stem cell transplantation,38 in addition to the
positive effects of improved weight management, cardiovascular
health, and metabolic profile.39 Our previous report40 suggested
that adequate exercise promotes muscle remodeling after bilat-
eral broad necrosis of the soleus muscles. It is hypothesized
that suitable mechanical stimulation drives the differentiation of
MSCs, while the beneficial paracrine effect may induce a
synergistic effect between MSC transplantation and rehabilita-
tion. However, further basic and clinical research is required to
prove this hypothesis.

Evaluation of the effect of nonsurgical procedures on ION is
important. Mont et al18 compared the effect of core decompres-
sion surgery with nonsurgical management of ION and reported a
63.5% satisfactory clinical result with core decompression, but
only 22.7% with nonsurgical management. However, this study
was not an adjusted case-control study but was a literature re-
view. Therefore, etiologic factors and radiographic findings were
not fully assessed.18 In multicenter, randomized controlled
studies, physical therapy has similar effects in ION patients with
sickle cell disease as does core decompression surgery with
physical therapy.19,41 Basic studies to design the rehabilitation
protocol and further clinical studies are needed, but the infor-
mation provided from the current study may aid in the devel-
opment of rehabilitation protocols after cell transplantation for
the treatment of ION.

Study limitations

The current study has several major limitations. This was a small-
scale, single-group, pre-post preliminary study. Case-control and
large-scale studies are needed to demonstrate the efficacy of the
rehabilitation protocol. The current study was based on the orig-
inal clinical trial, so it is not an individual study. The population
size of the clinical trial itself was limited because it was a feasi-
bility study.

Conclusions

The present study demonstrated the feasibility and safety of an
intensive multiplex rehabilitation program after MSC trans-
plantation in individuals with ION. Despite this, future studies
should investigate dosing and timing parameters, as well as the
mechanistic basis for improvements in outcomes when a combi-
nation therapy is used.
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Appendix 1 Assessment of Necrotic Lesions
and Stages

Radiographic classification proposed by the SDIC in Japan20:

� Type A lesions occupied the medial one third or less of the
weight-bearing portion.

� Type B lesions occupied the medial two thirds or less of the
weight-bearing portion.

� Both types C1 and C2 lesions occupied more than the medial
two thirds of the weight-bearing portion.

� Type C2 lesions extended laterally to the acetabular edge, but
type C1 lesions did not.

The ION staging proposed by the SDIC used in Japan is a
modified version of the system proposed by the Association
Research Circulation Osseous Committee.20

� Stage 1: Specific findings of osteonecrosis are not observed on
magnetic resonance imaging, bone scintigram, histology, or
radiographs.

� Stage 2: Demarcating sclerosis is seen without collapse of the
femoral head.

� Stage 3: Collapse of the femoral head, including the crescent
sign, is seen without joint-space narrowing. Mild osteophyte
formation of the femoral head or acetabulum may be seen.
� Stage 3A: Collapse of the femoral head <3mm
� Stage 3B: Collapse of the femoral head �3mm

� Stage 4: Osteoarthritic changes are seen.
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preserving, muscle-strengthening exercise has been reported in
physical therapy for osteoarthritis.27,28 We designed the rehabili-
tation program so that isotonic and isokinetic exercises could be
performed on the transplant side before isometric exercises (see
table 1). All participants completed the 12-week rehabilitation
program without excessive pain. Functional improvement was
observed, and there were no serious adverse events associated with
rehabilitation. These results suggest that the first 2 aims of our
study were achieved.

Although we could not show clear evidence that the current
rehabilitation program promotes bone formation, mechanical
stimulation may be important for bone formation of

transplanted cells. Lack of mechanical loading causes bone loss
and fractures in the elderly.29 During physical activity, me-
chanical forces are placed on the bones through ground reaction
forces and the contractile activity of muscles.30,31 Adapting
physical forces to bone structure results in maintenance and
prevention of fractures in the elderly.30 Fluid flow, strain, and
hydrostatic pressure are mechanotransducers of physical force
to osteocytes.29,31,32 Stimulated mechanoreceptors on osteocytes
activate the prostaglandin and Wnt pathways.33 Mechanical
loading stimulates not only osteocytes but also osteoblasts34,35

and MSCs.36,37 Oscillatory fluid flow promotes the prolifera-
tion and differentiation of marrow MSCs.37 Furthermore,

Table 4 Comparison of physical function between pretreatment, 6 months after treatment, and 12 months after treatment (NZ10)

Measure Pretreatment 6mo After Treatment

Effect Size

(Pre/6mo)

12mo After

Treatment

Effect Size

(Pre/12mo)

P at 3 Time

Points

(Pre/6mo/

12mo)

Hip flexor strength (Nm/kg)

Transplant side 1.39 (1.01e1.65) 1.49 (1.35e1.86) 0.74 1.79 (1.58e1.91) 0.70 .12

Nontransplant side 1.30 (1.05e1.50) 1.82 (1.38e1.96) 1.14 1.73 (1.68e2.03) 1.12 .08

Hip extensor strength (Nm/kg)

Transplant side 0.56 (0.43e0.78) 1.48 (0.84e1.56) 0.98 1.28 (0.86e1.69)* 1.00 <.05

Nontransplant side 0.64 (0.37e0.80) 1.13 (0.82e1.49) 1.18 1.61 (0.96e1.77) 1.62 .08

Hip abductor strength (Nm/kg)

Transplant side 0.67 (0.51e1.29) 1.20 (0.81e1.43) 0.58 1.28 (1.05e1.78)* 0.86 <.05

Nontransplant side 0.66 (0.52e1.37) 1.21 (0.88e1.66) 0.53 1.28 (1.21e1.85) 0.71 .20

Knee flexor strength (Nm/kg)

Transplant side 1.36 (1.18e1.79) 1.55 (1.32e1.81) 0.38 1.63 (1.37e1.71) 0.47 .15

Nontransplant side 1.36 (1.11e1.70) 1.50 (1.12e1.66) 0.29 1.55 (1.27e1.58) 0.37 .07

Knee extensor strength (Nm/kg)

Transplant side 2.77 (2.24e3.37) 2.97 (2.42e4.09) 0.46 3.22 (2.93e3.69) 0.56 .10

Nontransplant side 2.71 (2.50e4.00) 3.38 (2.98e3.83) 0.49 3.51 (2.72e4.10) 0.36 .19

Lower limb load (N/kg)

Transplant side 10.61 (8.01e14.58) 15.78 (9.16e20.02) 0.99 15.34 (12.04e19.74) 0.98 .06

Nontransplant side 14.16 (10.36e20.65) 17.61 (12.49e21.72) 0.47 18.04 (14.12e23.50)* 0.70 <.05

Timed Up and Go test (s) 7.06(5.82e7.31) 6.11 (4.96e7.00) 0.51 5.40 (5.00e6.50) 0.77 .15

NOTE. Values are median (25%e75% quartiles) or as otherwise indicated. P values at 3 time points were calculated by Friedman test. Multiple

comparison test was performed by Scheffe test.

* P<.05, as calculated by comparison with pretreatment.

Table 5 Comparison of SF-36 subgroups scores between pretreatment, 6 months after treatment, and 12 months after treatment (NZ6)

SF-36

Subgroups Pretreatment

6mo After

Treatment

Effect Size

(Pre/6mo)

12mo After

Treatment

Effect Size

(Pre/12mo

P at 3 Time Points

(Pre/6mo/12mo)

Physical function 45 (36.3e65) 90 (78.8e95) 1.54 92.5 (78.8e95)* 1.58 <.05

Role-physical 40.6 (36.3e78.1) 68.8 (57.8e93.8) 0.71 96.9 (93.8e100)* 1.63 <.05

Bodily pain 52 (51.3e52) 72 (64.5e72) 2.83 73 (64.5e81.5)* 3.18 <.05

General health 59.5 (49.5e77) 77 (61.8e90.8) 0.66 79.5 (62e88) 0.72 .31

Vitality 71.9 (54.7e84.4) 68.8 (62.5e84.4) 0.22 71.9 (62.5e85.9) 0.11 .58

Social function 31.3 (25e84.4) 100 (71.9e100) 0.90 93.8 (78.2e100) 1.00 .21

Role-emotion 50 (37.5e87.5) 100 (100e100) 0.89 100 (100e100) 1.15 .13

Mental health 80 (71.2e88.8) 90 (82.5e90) 0.52 80 (80e83.4) 0.44 .27

NOTE. Values are median (25%e75% quartiles) or as otherwise indicated. P values at 3 time points were calculated by Friedman test. Multiple

comparison test was performed by Scheffe test.

* P<.05 as calculated by comparison with pretreatment.
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mechanical signals inhibit adipogenesis and promote the anab-
olism of osteogenesis.36 A report by Ambrosio et al38 reveals
important information about this issue. Treadmill running has a
synergistic effect on healing injured skeletal muscle after
muscle-derived stem cell transplantation,38 in addition to the
positive effects of improved weight management, cardiovascular
health, and metabolic profile.39 Our previous report40 suggested
that adequate exercise promotes muscle remodeling after bilat-
eral broad necrosis of the soleus muscles. It is hypothesized
that suitable mechanical stimulation drives the differentiation of
MSCs, while the beneficial paracrine effect may induce a
synergistic effect between MSC transplantation and rehabilita-
tion. However, further basic and clinical research is required to
prove this hypothesis.

Evaluation of the effect of nonsurgical procedures on ION is
important. Mont et al18 compared the effect of core decompres-
sion surgery with nonsurgical management of ION and reported a
63.5% satisfactory clinical result with core decompression, but
only 22.7% with nonsurgical management. However, this study
was not an adjusted case-control study but was a literature re-
view. Therefore, etiologic factors and radiographic findings were
not fully assessed.18 In multicenter, randomized controlled
studies, physical therapy has similar effects in ION patients with
sickle cell disease as does core decompression surgery with
physical therapy.19,41 Basic studies to design the rehabilitation
protocol and further clinical studies are needed, but the infor-
mation provided from the current study may aid in the devel-
opment of rehabilitation protocols after cell transplantation for
the treatment of ION.

Study limitations

The current study has several major limitations. This was a small-
scale, single-group, pre-post preliminary study. Case-control and
large-scale studies are needed to demonstrate the efficacy of the
rehabilitation protocol. The current study was based on the orig-
inal clinical trial, so it is not an individual study. The population
size of the clinical trial itself was limited because it was a feasi-
bility study.

Conclusions

The present study demonstrated the feasibility and safety of an
intensive multiplex rehabilitation program after MSC trans-
plantation in individuals with ION. Despite this, future studies
should investigate dosing and timing parameters, as well as the
mechanistic basis for improvements in outcomes when a combi-
nation therapy is used.
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Appendix 1 Assessment of Necrotic Lesions
and Stages

Radiographic classification proposed by the SDIC in Japan20:

� Type A lesions occupied the medial one third or less of the
weight-bearing portion.

� Type B lesions occupied the medial two thirds or less of the
weight-bearing portion.

� Both types C1 and C2 lesions occupied more than the medial
two thirds of the weight-bearing portion.

� Type C2 lesions extended laterally to the acetabular edge, but
type C1 lesions did not.

The ION staging proposed by the SDIC used in Japan is a
modified version of the system proposed by the Association
Research Circulation Osseous Committee.20

� Stage 1: Specific findings of osteonecrosis are not observed on
magnetic resonance imaging, bone scintigram, histology, or
radiographs.

� Stage 2: Demarcating sclerosis is seen without collapse of the
femoral head.

� Stage 3: Collapse of the femoral head, including the crescent
sign, is seen without joint-space narrowing. Mild osteophyte
formation of the femoral head or acetabulum may be seen.
� Stage 3A: Collapse of the femoral head <3mm
� Stage 3B: Collapse of the femoral head �3mm

� Stage 4: Osteoarthritic changes are seen.
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preserving, muscle-strengthening exercise has been reported in
physical therapy for osteoarthritis.27,28 We designed the rehabili-
tation program so that isotonic and isokinetic exercises could be
performed on the transplant side before isometric exercises (see
table 1). All participants completed the 12-week rehabilitation
program without excessive pain. Functional improvement was
observed, and there were no serious adverse events associated with
rehabilitation. These results suggest that the first 2 aims of our
study were achieved.

Although we could not show clear evidence that the current
rehabilitation program promotes bone formation, mechanical
stimulation may be important for bone formation of

transplanted cells. Lack of mechanical loading causes bone loss
and fractures in the elderly.29 During physical activity, me-
chanical forces are placed on the bones through ground reaction
forces and the contractile activity of muscles.30,31 Adapting
physical forces to bone structure results in maintenance and
prevention of fractures in the elderly.30 Fluid flow, strain, and
hydrostatic pressure are mechanotransducers of physical force
to osteocytes.29,31,32 Stimulated mechanoreceptors on osteocytes
activate the prostaglandin and Wnt pathways.33 Mechanical
loading stimulates not only osteocytes but also osteoblasts34,35

and MSCs.36,37 Oscillatory fluid flow promotes the prolifera-
tion and differentiation of marrow MSCs.37 Furthermore,

Table 4 Comparison of physical function between pretreatment, 6 months after treatment, and 12 months after treatment (NZ10)

Measure Pretreatment 6mo After Treatment

Effect Size

(Pre/6mo)

12mo After

Treatment

Effect Size

(Pre/12mo)

P at 3 Time

Points

(Pre/6mo/

12mo)

Hip flexor strength (Nm/kg)

Transplant side 1.39 (1.01e1.65) 1.49 (1.35e1.86) 0.74 1.79 (1.58e1.91) 0.70 .12

Nontransplant side 1.30 (1.05e1.50) 1.82 (1.38e1.96) 1.14 1.73 (1.68e2.03) 1.12 .08

Hip extensor strength (Nm/kg)

Transplant side 0.56 (0.43e0.78) 1.48 (0.84e1.56) 0.98 1.28 (0.86e1.69)* 1.00 <.05

Nontransplant side 0.64 (0.37e0.80) 1.13 (0.82e1.49) 1.18 1.61 (0.96e1.77) 1.62 .08

Hip abductor strength (Nm/kg)

Transplant side 0.67 (0.51e1.29) 1.20 (0.81e1.43) 0.58 1.28 (1.05e1.78)* 0.86 <.05

Nontransplant side 0.66 (0.52e1.37) 1.21 (0.88e1.66) 0.53 1.28 (1.21e1.85) 0.71 .20

Knee flexor strength (Nm/kg)

Transplant side 1.36 (1.18e1.79) 1.55 (1.32e1.81) 0.38 1.63 (1.37e1.71) 0.47 .15

Nontransplant side 1.36 (1.11e1.70) 1.50 (1.12e1.66) 0.29 1.55 (1.27e1.58) 0.37 .07

Knee extensor strength (Nm/kg)

Transplant side 2.77 (2.24e3.37) 2.97 (2.42e4.09) 0.46 3.22 (2.93e3.69) 0.56 .10

Nontransplant side 2.71 (2.50e4.00) 3.38 (2.98e3.83) 0.49 3.51 (2.72e4.10) 0.36 .19

Lower limb load (N/kg)

Transplant side 10.61 (8.01e14.58) 15.78 (9.16e20.02) 0.99 15.34 (12.04e19.74) 0.98 .06

Nontransplant side 14.16 (10.36e20.65) 17.61 (12.49e21.72) 0.47 18.04 (14.12e23.50)* 0.70 <.05

Timed Up and Go test (s) 7.06(5.82e7.31) 6.11 (4.96e7.00) 0.51 5.40 (5.00e6.50) 0.77 .15

NOTE. Values are median (25%e75% quartiles) or as otherwise indicated. P values at 3 time points were calculated by Friedman test. Multiple

comparison test was performed by Scheffe test.

* P<.05, as calculated by comparison with pretreatment.

Table 5 Comparison of SF-36 subgroups scores between pretreatment, 6 months after treatment, and 12 months after treatment (NZ6)

SF-36

Subgroups Pretreatment

6mo After

Treatment

Effect Size

(Pre/6mo)

12mo After

Treatment

Effect Size

(Pre/12mo

P at 3 Time Points

(Pre/6mo/12mo)

Physical function 45 (36.3e65) 90 (78.8e95) 1.54 92.5 (78.8e95)* 1.58 <.05

Role-physical 40.6 (36.3e78.1) 68.8 (57.8e93.8) 0.71 96.9 (93.8e100)* 1.63 <.05

Bodily pain 52 (51.3e52) 72 (64.5e72) 2.83 73 (64.5e81.5)* 3.18 <.05

General health 59.5 (49.5e77) 77 (61.8e90.8) 0.66 79.5 (62e88) 0.72 .31

Vitality 71.9 (54.7e84.4) 68.8 (62.5e84.4) 0.22 71.9 (62.5e85.9) 0.11 .58

Social function 31.3 (25e84.4) 100 (71.9e100) 0.90 93.8 (78.2e100) 1.00 .21

Role-emotion 50 (37.5e87.5) 100 (100e100) 0.89 100 (100e100) 1.15 .13

Mental health 80 (71.2e88.8) 90 (82.5e90) 0.52 80 (80e83.4) 0.44 .27

NOTE. Values are median (25%e75% quartiles) or as otherwise indicated. P values at 3 time points were calculated by Friedman test. Multiple

comparison test was performed by Scheffe test.

* P<.05 as calculated by comparison with pretreatment.
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mechanical signals inhibit adipogenesis and promote the anab-
olism of osteogenesis.36 A report by Ambrosio et al38 reveals
important information about this issue. Treadmill running has a
synergistic effect on healing injured skeletal muscle after
muscle-derived stem cell transplantation,38 in addition to the
positive effects of improved weight management, cardiovascular
health, and metabolic profile.39 Our previous report40 suggested
that adequate exercise promotes muscle remodeling after bilat-
eral broad necrosis of the soleus muscles. It is hypothesized
that suitable mechanical stimulation drives the differentiation of
MSCs, while the beneficial paracrine effect may induce a
synergistic effect between MSC transplantation and rehabilita-
tion. However, further basic and clinical research is required to
prove this hypothesis.

Evaluation of the effect of nonsurgical procedures on ION is
important. Mont et al18 compared the effect of core decompres-
sion surgery with nonsurgical management of ION and reported a
63.5% satisfactory clinical result with core decompression, but
only 22.7% with nonsurgical management. However, this study
was not an adjusted case-control study but was a literature re-
view. Therefore, etiologic factors and radiographic findings were
not fully assessed.18 In multicenter, randomized controlled
studies, physical therapy has similar effects in ION patients with
sickle cell disease as does core decompression surgery with
physical therapy.19,41 Basic studies to design the rehabilitation
protocol and further clinical studies are needed, but the infor-
mation provided from the current study may aid in the devel-
opment of rehabilitation protocols after cell transplantation for
the treatment of ION.

Study limitations

The current study has several major limitations. This was a small-
scale, single-group, pre-post preliminary study. Case-control and
large-scale studies are needed to demonstrate the efficacy of the
rehabilitation protocol. The current study was based on the orig-
inal clinical trial, so it is not an individual study. The population
size of the clinical trial itself was limited because it was a feasi-
bility study.

Conclusions

The present study demonstrated the feasibility and safety of an
intensive multiplex rehabilitation program after MSC trans-
plantation in individuals with ION. Despite this, future studies
should investigate dosing and timing parameters, as well as the
mechanistic basis for improvements in outcomes when a combi-
nation therapy is used.
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Appendix 1 Assessment of Necrotic Lesions
and Stages

Radiographic classification proposed by the SDIC in Japan20:

� Type A lesions occupied the medial one third or less of the
weight-bearing portion.

� Type B lesions occupied the medial two thirds or less of the
weight-bearing portion.

� Both types C1 and C2 lesions occupied more than the medial
two thirds of the weight-bearing portion.

� Type C2 lesions extended laterally to the acetabular edge, but
type C1 lesions did not.

The ION staging proposed by the SDIC used in Japan is a
modified version of the system proposed by the Association
Research Circulation Osseous Committee.20

� Stage 1: Specific findings of osteonecrosis are not observed on
magnetic resonance imaging, bone scintigram, histology, or
radiographs.

� Stage 2: Demarcating sclerosis is seen without collapse of the
femoral head.

� Stage 3: Collapse of the femoral head, including the crescent
sign, is seen without joint-space narrowing. Mild osteophyte
formation of the femoral head or acetabulum may be seen.
� Stage 3A: Collapse of the femoral head <3mm
� Stage 3B: Collapse of the femoral head �3mm

� Stage 4: Osteoarthritic changes are seen.
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preserving, muscle-strengthening exercise has been reported in
physical therapy for osteoarthritis.27,28 We designed the rehabili-
tation program so that isotonic and isokinetic exercises could be
performed on the transplant side before isometric exercises (see
table 1). All participants completed the 12-week rehabilitation
program without excessive pain. Functional improvement was
observed, and there were no serious adverse events associated with
rehabilitation. These results suggest that the first 2 aims of our
study were achieved.

Although we could not show clear evidence that the current
rehabilitation program promotes bone formation, mechanical
stimulation may be important for bone formation of

transplanted cells. Lack of mechanical loading causes bone loss
and fractures in the elderly.29 During physical activity, me-
chanical forces are placed on the bones through ground reaction
forces and the contractile activity of muscles.30,31 Adapting
physical forces to bone structure results in maintenance and
prevention of fractures in the elderly.30 Fluid flow, strain, and
hydrostatic pressure are mechanotransducers of physical force
to osteocytes.29,31,32 Stimulated mechanoreceptors on osteocytes
activate the prostaglandin and Wnt pathways.33 Mechanical
loading stimulates not only osteocytes but also osteoblasts34,35

and MSCs.36,37 Oscillatory fluid flow promotes the prolifera-
tion and differentiation of marrow MSCs.37 Furthermore,

Table 4 Comparison of physical function between pretreatment, 6 months after treatment, and 12 months after treatment (NZ10)

Measure Pretreatment 6mo After Treatment

Effect Size

(Pre/6mo)

12mo After

Treatment

Effect Size

(Pre/12mo)

P at 3 Time

Points

(Pre/6mo/

12mo)

Hip flexor strength (Nm/kg)

Transplant side 1.39 (1.01e1.65) 1.49 (1.35e1.86) 0.74 1.79 (1.58e1.91) 0.70 .12

Nontransplant side 1.30 (1.05e1.50) 1.82 (1.38e1.96) 1.14 1.73 (1.68e2.03) 1.12 .08

Hip extensor strength (Nm/kg)

Transplant side 0.56 (0.43e0.78) 1.48 (0.84e1.56) 0.98 1.28 (0.86e1.69)* 1.00 <.05

Nontransplant side 0.64 (0.37e0.80) 1.13 (0.82e1.49) 1.18 1.61 (0.96e1.77) 1.62 .08

Hip abductor strength (Nm/kg)

Transplant side 0.67 (0.51e1.29) 1.20 (0.81e1.43) 0.58 1.28 (1.05e1.78)* 0.86 <.05

Nontransplant side 0.66 (0.52e1.37) 1.21 (0.88e1.66) 0.53 1.28 (1.21e1.85) 0.71 .20

Knee flexor strength (Nm/kg)

Transplant side 1.36 (1.18e1.79) 1.55 (1.32e1.81) 0.38 1.63 (1.37e1.71) 0.47 .15

Nontransplant side 1.36 (1.11e1.70) 1.50 (1.12e1.66) 0.29 1.55 (1.27e1.58) 0.37 .07

Knee extensor strength (Nm/kg)

Transplant side 2.77 (2.24e3.37) 2.97 (2.42e4.09) 0.46 3.22 (2.93e3.69) 0.56 .10

Nontransplant side 2.71 (2.50e4.00) 3.38 (2.98e3.83) 0.49 3.51 (2.72e4.10) 0.36 .19

Lower limb load (N/kg)

Transplant side 10.61 (8.01e14.58) 15.78 (9.16e20.02) 0.99 15.34 (12.04e19.74) 0.98 .06

Nontransplant side 14.16 (10.36e20.65) 17.61 (12.49e21.72) 0.47 18.04 (14.12e23.50)* 0.70 <.05

Timed Up and Go test (s) 7.06(5.82e7.31) 6.11 (4.96e7.00) 0.51 5.40 (5.00e6.50) 0.77 .15

NOTE. Values are median (25%e75% quartiles) or as otherwise indicated. P values at 3 time points were calculated by Friedman test. Multiple

comparison test was performed by Scheffe test.

* P<.05, as calculated by comparison with pretreatment.

Table 5 Comparison of SF-36 subgroups scores between pretreatment, 6 months after treatment, and 12 months after treatment (NZ6)

SF-36

Subgroups Pretreatment

6mo After

Treatment

Effect Size

(Pre/6mo)

12mo After

Treatment

Effect Size

(Pre/12mo

P at 3 Time Points

(Pre/6mo/12mo)

Physical function 45 (36.3e65) 90 (78.8e95) 1.54 92.5 (78.8e95)* 1.58 <.05

Role-physical 40.6 (36.3e78.1) 68.8 (57.8e93.8) 0.71 96.9 (93.8e100)* 1.63 <.05

Bodily pain 52 (51.3e52) 72 (64.5e72) 2.83 73 (64.5e81.5)* 3.18 <.05

General health 59.5 (49.5e77) 77 (61.8e90.8) 0.66 79.5 (62e88) 0.72 .31

Vitality 71.9 (54.7e84.4) 68.8 (62.5e84.4) 0.22 71.9 (62.5e85.9) 0.11 .58

Social function 31.3 (25e84.4) 100 (71.9e100) 0.90 93.8 (78.2e100) 1.00 .21

Role-emotion 50 (37.5e87.5) 100 (100e100) 0.89 100 (100e100) 1.15 .13

Mental health 80 (71.2e88.8) 90 (82.5e90) 0.52 80 (80e83.4) 0.44 .27

NOTE. Values are median (25%e75% quartiles) or as otherwise indicated. P values at 3 time points were calculated by Friedman test. Multiple

comparison test was performed by Scheffe test.

* P<.05 as calculated by comparison with pretreatment.
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mechanical signals inhibit adipogenesis and promote the anab-
olism of osteogenesis.36 A report by Ambrosio et al38 reveals
important information about this issue. Treadmill running has a
synergistic effect on healing injured skeletal muscle after
muscle-derived stem cell transplantation,38 in addition to the
positive effects of improved weight management, cardiovascular
health, and metabolic profile.39 Our previous report40 suggested
that adequate exercise promotes muscle remodeling after bilat-
eral broad necrosis of the soleus muscles. It is hypothesized
that suitable mechanical stimulation drives the differentiation of
MSCs, while the beneficial paracrine effect may induce a
synergistic effect between MSC transplantation and rehabilita-
tion. However, further basic and clinical research is required to
prove this hypothesis.

Evaluation of the effect of nonsurgical procedures on ION is
important. Mont et al18 compared the effect of core decompres-
sion surgery with nonsurgical management of ION and reported a
63.5% satisfactory clinical result with core decompression, but
only 22.7% with nonsurgical management. However, this study
was not an adjusted case-control study but was a literature re-
view. Therefore, etiologic factors and radiographic findings were
not fully assessed.18 In multicenter, randomized controlled
studies, physical therapy has similar effects in ION patients with
sickle cell disease as does core decompression surgery with
physical therapy.19,41 Basic studies to design the rehabilitation
protocol and further clinical studies are needed, but the infor-
mation provided from the current study may aid in the devel-
opment of rehabilitation protocols after cell transplantation for
the treatment of ION.

Study limitations

The current study has several major limitations. This was a small-
scale, single-group, pre-post preliminary study. Case-control and
large-scale studies are needed to demonstrate the efficacy of the
rehabilitation protocol. The current study was based on the orig-
inal clinical trial, so it is not an individual study. The population
size of the clinical trial itself was limited because it was a feasi-
bility study.

Conclusions

The present study demonstrated the feasibility and safety of an
intensive multiplex rehabilitation program after MSC trans-
plantation in individuals with ION. Despite this, future studies
should investigate dosing and timing parameters, as well as the
mechanistic basis for improvements in outcomes when a combi-
nation therapy is used.
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Appendix 1 Assessment of Necrotic Lesions
and Stages

Radiographic classification proposed by the SDIC in Japan20:

� Type A lesions occupied the medial one third or less of the
weight-bearing portion.

� Type B lesions occupied the medial two thirds or less of the
weight-bearing portion.

� Both types C1 and C2 lesions occupied more than the medial
two thirds of the weight-bearing portion.

� Type C2 lesions extended laterally to the acetabular edge, but
type C1 lesions did not.

The ION staging proposed by the SDIC used in Japan is a
modified version of the system proposed by the Association
Research Circulation Osseous Committee.20

� Stage 1: Specific findings of osteonecrosis are not observed on
magnetic resonance imaging, bone scintigram, histology, or
radiographs.

� Stage 2: Demarcating sclerosis is seen without collapse of the
femoral head.

� Stage 3: Collapse of the femoral head, including the crescent
sign, is seen without joint-space narrowing. Mild osteophyte
formation of the femoral head or acetabulum may be seen.
� Stage 3A: Collapse of the femoral head <3mm
� Stage 3B: Collapse of the femoral head �3mm

� Stage 4: Osteoarthritic changes are seen.
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