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exercise series at home was 3.8 times per week (23.3% performed
everyday, 50.0% 2-3 times per week, 26.7% once or less per week),
while the mean exercise time was 29.0 min.

The exercise group showed significant improvement compared
with the control group in muscle strength, walking speed and
balance. There was a significant group by time interaction for
tandem walking (F=4.70, p=0.036), functional reach (F=4.18,
p=0.046), adductor muscle strength (F=4.18, p=0.045), usual
walking speed (F = 13.03, p = 0.001), and maximum walking speed
(F=4.24, p=0.044) with significantly greater increases in the
exercise group. The functional decline decreased significantly from
50.0% at baseline to 16.7% after the intervention and follow-up in
the exercise group (Q=16.67, p < 0.001), whereas the changes
were not significant in the control group. Urinary incontinence was
decreased significantly from 66.7% at baseline to 23.3% after the
intervention and to 40.0% at the follow-up (Q = 13.56, p = 0.001) in
the exercise group. However, no significant changes observed in
the control group. There were no significant changes concerning
fear of falling in either group (Table 2).

Fig. 2 shows the changes in the scores of multiple geriatric
syndromes. As shown in Fig. 2, the intervention group showed
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Fig. 2. Change in mean scores of MSGS at baseline, after 3-month exercise, and at 6-
month follow-up in intervention (@) and control (A) group. (*) Comparison of
multiple geriatric syndrome scores between intervention and control group. (1)
Comparison of within-group multiple geriatric syndrome scores at baseline (B),
after the 3-month exercise (P), and at 6-month follow-up (F).
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Improvement of MSGS according to maximum walking speed and adductor muscle strength tertiles in intervention group.

greater and significant decrease compared with the control group
(F=12.66, p=0.001). Within-group scores were compared, and
significant changes were observed in intervention group, with the
score of multiple geriatric syndromes decreasing significantly
after 3-month exercise and at 6-month follow-up (F=16.89,
p <0.001).

Eight subjects after 3-month intervention and seven subjects
after 6-month follow-up were improved to normal status of
multiple symptoms in the intervention group. Table 3 shows the
distribution of the subjects who showed improvement to normal
status of multiple symptoms according to the tertiles of maximum
walking speed and adductor muscle strength. Within the subjects
that showed improvement to normal status of multiple symptoms,
a significantly higher proportion had an improved maximum
walking speed at the 6-month follow-up (Q=6.50, p=0.039)
compared with those having maintained or decreased walking
speed. There was no difference at either time point in the
proportion of the improved subjects with increased adductor
muscle strength.

4. Discussion

This study demonstrates that the 3-month, multidimensional
exercises, consisting of progressive strength training, balance and
walking ability exercises along with PFM exercises, improved the
usual walking speed, maximum walking speed, abductor muscle
strength, tandem walking and functional reach in community-
dwelling elderly women with MSGS. Furthermore, the increment
of the physical fitness components appeared to contribute greatly
to the improvement of the functional decline, urinary inconti-
nence, and multiple symptoms. Therefore, the results of this study
suggest that the improvements of the muscle strength, walking
speed, and balance, which have been reported as risk factors for
geriatric syndromes, may be effective in the improvement of
geriatric syndrome.

Several studies of multidimensional intervention trials have
reported beneficial effects (Tinetti et al., 1994; Shumway-Cook
etal., 1997; Nelson et al., 2004; Gitlin et al., 2006; Kim et al., 2007).
In arecent study, Gitlin et al.(2006) conducted a multidimensional
home-based intervention in elder adults with functional difficul-
ties, and confirmed that activity of daily living (ADL), instrumental
ADL, self-efficacy, fear of falling, and home hazards were all
improved and that the effects were sustained even after 6-month.
Kim et al.(2007) assessed the effect of PFM and fitness exercises in
improving urinary incontinence in elderly community-dwelling
Japanese with stress urinary incontinence, and confirmed that
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decrease in BMI and increase in walking speed may contribute to
the treatment of urinary incontinence.

In this study, the prevalence of the functional decline decreased
significantly from 50.0% before the intervention to 16.7% after
intervention and follow-up. The cure rate of urinary incontinence
was 43.3% after the 3-month exercise and 26.7% at 6-month
follow-up for the intervention group. On the other hand, no
significant improvement was observed in the control group. The
effects of this multidimensional exercise affecting only a single
symptom of urinary incontinence or functional decline were
consistent with previously reported studies. Although the previous
studies using multidimensional intervention were targeted to treat
only a single geriatric syndrome, the current study was aiming to
treat MSGS. Our findings suggest that the multidimensional
intervention was significantly effective in the improvement of
geriatric syndrome.

We analyzed the relationship between the increment of the
physical fitness components and the improvement of the
multiple symptoms, despite the small sample size. We found
an increment rate of 9.6% in adductor muscle strength after the
3-month exercise and a rate of 12.3% after the follow-up in the
intervention group, whereas the changes were not significant for
the control group. This difference in the increment rate of
muscle strength is not considered to account for the difference
in geriatric syndrome improvement rate. However, the propor-
tion of the subjects with improved to normal status of multiple
symptoms was significantly higher among those who demon-
strated an increase in maximum walking speed at 6-month
follow-up (Q=6.50, p=0.039). These results suggest that the
increment of walking speed is a major factor for the improve-
ment of the multiple symptoms present in this population. The
increased walking ability probably allowed the subjects to
increase their physical activity and consequently contributed to
the improvement of their functional capacity. But, the current
study’s results were obtained based on a small sample size. The
above relationships need to be further researched in a
population study which would contain a larger number of
subjects and for a longer follow-up period.

Despite the fact that many studies have reported that exercise is
effective in reducing the fear of falling in the elderly (Tennstedt et
al., 1998), our intervention had no effect on the fear of falling in
both groups. This may be explained by the characteristics of the
intervention provided in the present study. Our multidimensional
exercises focused on increasing the physical function and did not
provide measures such as psychological care. These findings
indicate that the comprehensive strategy designed to reduce MSGS
in community-dwelling elderly women should include not only
exercises addressing to the improvement of the physical functions,
but should also incorporate psychological care focusing on
reducing the fear of falling.

This study has several limitations. Firstly, the functional
decline, urinary incontinence, and fear of falling were assessed
using self-reported data obtained through a face-to-face interview,
and they were not confirmed by objective and clinical methods.
However, several previous studies have indicated that self-
reported data have high validity, reliability and objectivity in
the analyses of the functional decline, urinary incontinence, and
fear of falling (Smith et al., 1990; Howland et al., 1993; Resnick et
al., 1994). Therefore, the use of data collected from interviews or
self-recording in analyses has minor influence on the interpreta-
tion of the results of this study. Secondly, although this study
indicates that improvement of physical fitness components such as
muscle strength and walking ability contributes to the treatment
of geriatric syndrome, it provides no explanation of the mechanism
of how increasing functional fitness component improves multiple
geriatric symptoms.

5. Conclusions

This study assessed the effects of multidimensional
exercises on functional decline, urinary incontinence, and fear
of falling in community-dwelling Japanese elderly women with
MSGS. The intervention program targeted modification of
physical fitness may contribute to a reduction of the functional
decline and urinary incontinence, but was not a diminishing
symptom over time concerning the fear of falling. Therefore, the
intervention strategies designed to reduce MSGS in elderly
persons should include not only exercises aiming to the
improvement of the physical functions, but should also
incorporate psychological care focusing on the reduction of
the fear of falling.
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Pulmonary Function Analysis of
Japanese Athletes: Possibly Even
More Asthmatics in the Field
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ABSTRACT

Background: The prevalence of bronchial asthma (BA) in youth is increasing in Japan, but very few athletes
are reported to be affected with BA. The aim of this study is to analyze pulmonary function test (PFT) in athletes
from the aspect of BA retrospectively.

Methods: Medical history questionnaires of 2111 athletes (male: 1549, female: 562) were reviewed. All ath-
letes participated in the institute’s athletic test for the first time, from April 2003 through March 2006. Athletes
were categorized into three groups; current-BA confirmed and treated by the physician, possible-BA according
to the allergic history and/or BA symptoms, and non-BA that is neither of the above two groups. The PFT data
were then analyzed.

Results: There were 24 current-BA (1.1%), 137 possible-BA (6.5%), and 183 cases with a past history of BA
(PH; 8.7%). Percent of predicted forced expiratory volume in 1 second {%FEV1) and of predicted peak expira-
tory flow rate (%PEF) in current-BA (86.2 + 17.7% and 81.6 x 19.1%, respectively) and possible-BA (84.7 +
14.6% and 81.2 = 17.3%, respectively} were significantly lower than those in non-BA (93.9 £ 13.7% and 93.8 =
19.8%, respectively), without any significant difference between current-BA and possible-BA. Athletes with PH
show impaired obstructive indices; even in non-BA with PH showed lower %FEV1 (91.3 + 13.9%, p < 0.05) and
%PEF (86.8 + 17.8%, p < 0.001) than non-BA without PH (94.0 + 13.7% and 94.2 + 19.9%, respectively).
Conclusions: The incidence of BA in Japanese athletes may be higher than currently recognized. More inter-
vention is encouraged for the diagnosis of BA, to avoid any fatal asthma during sports by initiating preventive

therapy.
KEY WORDS

asthma, athletic injuries, exercise-induced asthma, exercise-induced bronchospasm, pulmonary function test

INTRODUCTION

A negligible number of Japanese athletes requested
the use of an inhaled beta agonist (IBA) at recent
Olympic Games!; only one out of 268 athletes from
Japan applied for permission at the Sydney Games,
where 112 out of 594 athletes from the United States
of America notified the use. This low prevalence of
notification by Japanese athletes may be partly due to

the relatively low prevalence of bronchial asthma .
(BA) patients in Japan.

The prevalence of BA among Japanese children
has increased by 3% in the last 20 years, and two re-
cently conducted government surveillances have re-
vealed the rate in school-age children to be 5.7 and
7.6%. In 2003, the Global Initiative for Asthma (GINA)
also reported a similar rate of 6.7% as the prevalence
of BA symptoms in Japanese school-age children,
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Table 1 Medical questionnaire regarding history and symptoms of bronchial asthma and allergy

BA T history:

1.
2.

Is the athlete on the follow-up of BA at the clinic? {current-BA)
Has the athlete been diagnosed as BA during the childhood? (PH ¥)

BA symptoms:

3

. Has the athlete ever been diagnosed as allergic disease other than BA?
4,
5.

Has any of the family (siblings or parents) been diagnosed as BA?

Does the athlete experience wheezing, chest tightness, breathlessness, cough, or excess of sputum at night or early in the
moming?

. Does the athlete experience wheezing, chest tighiness, breathlessness, cough, or excess of sputum after exposure o the cer-

tain airborne substances (allergens or pollutants)?

. Does the athlete experience wheezing, chest tightness, breathlessness, cough, or excess of sputum during and after the ex-

ercise?

. Does the athlete experience wheezing, chest tightness, breathlessness, cough, or excess of sputum as the seasonal exacer-

bation?

. Do the athlete’ s colds take more than 14 days to clear up?

(One point for each “yes” answer to question 3 through 9, and the athlete is considered possible-BA if the score is three or

greater.)

1 BA, bronchial asthma.
£ PH, past history of asthma.

which is below the rate for the United States of Amer-
ica, 10.9%.2

The prevalence of BA in athletes is higher than in
the general population,37 and considering the differ-
ence in prevalence between Japan and the United
States of America shown above, many Japanese ath-
letes possibly have undiagnosed BA; the percentage
of Japanese athletes who applied for the use of IBAis
too low referring to the prevalence of BA among Japa-
nese children. Moreover, there is no published report
so far, regarding the prevalence of asthma-related dis-
orders among Japanese athletes.

Thus, we have decided to analyze the baseline pul-
monary function test (PFT) data regarding the BA
background of athletes, since our medical question-
naire for the health check-ups included the BA-
related history and symptoms. Recent studies show
that the medical questionnaires or interviews are not
reliable in identifying the exercisednduced bron-
chospasm (EIB).8 EIB should be documented by
evaluating the PFT in response to appropriate exer-
cise or provocation tests. However, medical history is
still a helpful guide in the clinical diagnosis of BA,
and can be used in screening of BA regardless of
EIB.

The primary aim of this study was to analyze
screening PFT of Japanese athletes from the aspect
of BA, by the groups categorized through the scoring
of a medical questionnaire regarding asthma symp-
toms and allergic history.

METHODS
STUDY DESIGN

We conducted a cross-sectional retrospective study of
regional elite athletes who participated in their first
athletic test performed at the Niigata Institute for
Health and Sports Medicine, from April 2003 through
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March 2006. A total of 2111 athletes (1549 males, 562
females, age 18.0 + 4.1 years) were included in this
study. The data from screening tests were collected
during the preparticipation health check-ups, includ-
ing a medical questionnaire focused on history and
symptoms of BA and allergy (Table 1), and baseline
PFT. The study procedures including participant’s
anonymity preservation were approved by the Ethical
Committee of the Niigata Institute for Health and
Sports Medicine in accordance with the principles
embodied in the Declaration of Helsinki, and each
subject, parents, or legal guardian provided written
informed consent.

ASTHMA AND ALLERGY QUESTIONNAIRE

A detailed BA and allergy history and review of symp-
toms were obtained using a medical questionnaire as
shown in Table 1. The questionnaire consisted of 9
items relevant to the diagnosis of BA, also referring
to the medical history consideration shown by
GINA,? and an athlete was categorized as current-BA,
possible-BA, or non-BA. The athlete was considered
current-BA if BA was confirmed and treated by the
physician, possible-BA if scoring 3 or more items for
the allergic history and/or BA symptoms, and non-
BA if the athlete was neither current-BA nor possible-
BA. Possible-BA, however, was defined as above in
this study to categorize athletes into groups, simply
for the sake of convenience to analyze baseline PFT
retrospectively.

PULMONARY FUNCTION TEST BY SPIROME-
TRY

A baseline PFT by spirometry was performed for all
participants. The best value from three measure-
ments of vital capacity (VC), forced vital capacity
(FVC), forced expiratory volume in one second

Allergology International Vol 59, No1, 2010 www.jsaweb.jp/
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Table 2 Categorical characteristics of the participants

Number (%) Male/Female
Total participants 2111 (100) 1549/562
Current-BA 24 (1.1) 177
(PH* 20 15/5)
Possible-BA 137 (6.5) 97/40
(PH* 48 40/8)
Non-BA 1950 (92.4) 1435/515
(PH* 115 -80/35)

(FEV1), peak expiratory flow (PEF) were used and
recorded by a spirometer, SpiroSift SP-470 (Fukuda
Denshi, Tokyo, Japan.). Predicted values were calcu-
lated by the standard formulae originally pro-
grammed in the spirometer.

DATA ANALYSIS AND STATISTICS

Percent of predicted FEV1 (%FEV1), percent of pre-
dicted PEF (%PEF), and FEV1/FVC (FEV1%) were
analyzed for each category of athletes, current-BA,
possible-BA, and non-BA. The data were further ana-
lyzed according to the past history of asthma (PH)
status. Values for all measurements are expressed as
mean (%) + SD.

Kruskal-Wallis test, and Mann-Whitney U tests
were used to determine the levels of difference be-
tween all groups. Significance was assumed at p-
values of <0.05.

RESULTS

There were 24 current-BA (1.1%), 137 possible-BA
(6.5%), and 1950 non-BA (92.4%) cases. In 183 cases
of PH (8.7%), there were 20 current-BA, 47 possible-
BA, and 116 non-BA cases. Considering the rate of
PH, cumulative morbidity of BA was estimated as
8.9%. The difference between male and female ath-
letes was not discussed in this study, because 562 fe-
male athletes were analyzed, and there were only
seven cases with current-BA and 40 cases with
possible-BA, which resulted in numbers that were too
few to see any significance (Table 2).

As shown in Figure 1, current-BA showed a signifi-
cantly decreased %FEV1 (current-BA vs. non-BA;
86.2 + 17.7% vs. 93.9 = 13.7%), %PEF (81.6 + 19.1% vs.
94.3 + 26.2%) and FEV1% (84.6 + 8.3% vs. 89.0 + 5.8%)
compared to non-BA, even under the relevant treat-
ment (p < 0.001). Interestingly, possible-BA is also
significantly decreased in pulmonary function pa-
rameters compared to non-BA (possible-BA vs. non-
BA; 84.7 + 14.6% vs. 93.9 + 13.7% in %FEV1, 81.2 +
17.3% vs. 94.3 + 26.2% in %PEF, and 84.9 + 7.5% vs.
89.0 + 5.8% in FEV1%, all with p < 0.001, respectively).
However, there was no significant difference between
current-BA and possible-BA (Fig. 1). %VC, which is
one of restrictive indices in PFT, was of no difference
among all groups (data not shown).
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To determine the influence of PH on pulmonary
function, comparison between groups either with or
without PH was performed. Among all participants,
the group with PH (PH*) showed decreased pulmo-
nary function parameters compared to the group
without PH (PH-) (PH+* vs. PH-; 89.9 + 14.3% vs.
93.5 + 14.0% in %FEV1, p < 0.001. 87.2 + 17.8% vs.
93.4 + 20.0% in %PEF, p < 0.005. 86.8 + 6.6% vs. 88.8 +
6.0% in FEV1%, p < 0.001.). In regard to non-BA, PH*
also revealed decreased airway function compared to
PH- (PH* vs. PH-; 91.3 = 13.9% vs. 94.0 = 13.7% in
%FEV1, p < 0.05. 86.8 + 17.8% vs. 94.2 + 19.9% in %PEF,
p < 0.001. 87.3 = 6.0% vs. 89.1 + 5.8% in FEV1%, p <
0.005.). In contrast, when the samples are limited to
possible-BA, the findings were vice versa; PH- had
decreased airway function in comparison with PH*
(PH* vs. PH-; 87.6 + 13.1% vs. 83.2 + 15.2% in %FEV1,
p = 0.104. 89.0 + 17.6% vs. 77.1 + 15.7% in %PEF, p <
0.005. 86.8 + 6.8% vs. 84.0 + 7.7% in FEV1%, p < 0.05.).
And even in 24 current-BA, though sample numbers
were too small to make conclusions, PH- in this cate-
gory had a tendency for decreased airway function
compared to PH* except for FEV1% (PH* vs. PH~;
87.0 + 18.5% vs. 81.6 + 14.4% in %FEV1. 84.2 + 19.5% vs.
67.3 + 10.8% in %PEF. 84.5 + 8.5% vs. 85.1 + 7.8% in
FEV1%.) (Table 3).

DISCUSSION

The study by Hammerman, et @l. showed that there
were 5.7% BA or EIB among American high school
athletes, and another 6.1% were identified as having
undiagnosed BA.10 In the present study, although the
athletes defined as possible-BA were not medically
confirmed as BA at the time of visit, the obstructive
indices of PFT showed similar results compared with
current-BA. These data suggest that a considerable
number of these athletes may also have undiagnosed
BA.

A recent nation-wide survey on the health and wel-
fare status by the Japanese government revealed that
71.3% of the all-age patients with BA symptoms were
under antiasthmatic medication, but only 54.6% of
such patients aged between 15 and 34 years were un-
der relevant treatment.1l Of 161 athletes with either
current-BA or possible-PA in our study, less than 15%
of them were current-BA who were on medication,
thus indicating that the prevalence of untreated BA
may also be higher among athletes. Importantly, a 7-
year observation of BA deaths by Becker, ef al. report
that of 61 casualties during sport activities, 55 cases
had mild intermittent or persistent BA before their fa-
tal attack, and that only 3 of them used long-term con-
troller medication.12 Although most of the non-
current-BA athletes tested in our study had little res-
piratory symptoms during and after the usual exer-
cise, the undiagnosed BA should thoroughly be de-
tected, in order to avoid any future BA deaths related
to exercise and sport activities.
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Table 3 Obstructive indices of pulmonary function test in athletes with or without past history of asthma.

%FEV1 (%)

%PEF (%) FEV1% (%)

All participants

PH* (n = 183) 89.9 + 14.3**

PH- (n = 1928) 93.5+ 14.0
Current-BA

PH* (n = 20) 87.0 + 18.51

PH (n=4) 81.6+14.4
Possible-BA

PH* (n = 48) 87.6 = 13.1

PH- (n =89) 83.2+15.2
Non-BA

PH* (n = 115) 91.3+13.9%

PH- (n = 1835) 94.0 £ 13.7

87.2 +17.8* 86.8 + 6.6™*
93.4 + 20.0 88.8 £ 6.0
84.2 £ 19.51 84.5 + 8.5t
67.3 +10.8 85.1+£7.8
89.0 = 17.6** 86.8 + 6.8
771 +15.7 84077
86.8 = 17.8™ 87.3 + 6.0™
94.2 +19.9 89.1+5.8

Data express mean + SD, *p < 0.05, **p < 0.005, ***p < 0.001; compared with PH-.

T Insufficient sample numbers for statistical analysis.

Another important message is derived from the re-
sults concerning the influence of PH on pulmonary
function. The present study has shown that athletes
with PH, who were even considered as non-BA, had
impaired pulmonary function indices, suggesting
they may not have fully recovered from their child-
hood asthma. In general, it has been reported that up
to 70% of BA patients in childhood lose their symp-
toms during puberty.!3.14 Osward, ef al. conducted 28-
year follow-up study for mild asthmatics in childhood,
and suggested that airway obstruction or hyperre-
sponsiveness of the patients would be restored nor-
mally even if they did not use inhaled corticoster-
oids.15 On the contrary, Agertoft, ef al. showed that a
delay in the introduction of inhaled corticosteroids re-
sulted in incomplete recovery of pulmonary func-
tion.16 Moreover, Pederson, ef al. reported that early
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intervention with sufficient doses of inhaled corti-
costeroids could cure the disease with no recur-
rence.l7 In this regard, our data may also indicate the
possible insufficiency of the treatment approach to
childhood BA leading to the symptom takeover
through the youth generation, and we should be care-
ful with PH* in non-BA patients who have little BA
symptoms. Another valuable finding regarding the ef-
fect of PH status is that PH- in possible-BA had de-
creased airway function compared with PH*. This ten-
dency is also observed in current-BA (Table 3). Al-
though the details in the treatment history of BA is
limited in the medical record, it is more likely that
PH+* in these categories received treatment interven-
tion in the past, which may apparently improve the
respiratory function, assuming possible-BA has high
potential for being true BA.18

Allergology International Vol 59, No1, 2010 www.jsaweb.jp/
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We included questionnaires of respiratory symp-
toms and PFT at baseline medical check-ups, with the
belief that these findings are important in the clinical
diagnosis of BA. However, they may be insufficient
for the diagnosis of EIB. Rundell, et al. found that
among elite athletes, a diagnosis based on self-
reported symptoms is no more accurate than a coin
toss. In that study, 61% of EIB-positive athletes re-
ported symptoms, and 45% of normal pulmonary func-
tion athletes reported symptoms of EIB.19 Meth-
acholine challenge test is often used for BA/EIB di-
agnosis in Japan, but it should be noted that a rela-
tively low sensitivity for EIB diagnosis especially in
summer sports is reported for this provocation.20 We
have recently started additional bronchial challenge
tests such as eucapnic voluntary hyperpnea and hy-
pertonic saline inhalation, together with exercise
challenge which are the current challenge tests also
recommended by the International Olympic Commit-
tee for the diagnosis of BA/EIB in athletes.

In summary, the PFT results at the Niigata Insti-
tute for Health and Sports Medicine were analyzed,
according to the historical background of BA, and the
prevalence of current-BA, possible-BA, and the cumu-
lative morbidity of BA among the regional elite ath-
letes were 1.1, 6.5, and 8.9%, respectively. A limitation
of this study is in the retrospective analysis using a
medical questionnaire, of which data had been
adopted from sufficient but non-uniform medical re-
cord formats. The effectiveness of this medical ques-
tionnaire in the uniform medical record format on
scoring should be confirmed, and is currently under
prospective investigation.

Finally, considering the epidemiclogical data on
BA in athletes available so far, the incidence of BA
among the Japanese athletes may be higher than cur-
rently recognized. More intervention is encouraged
for diagnosing BA and related subtypes to avoid any
fatal asthma attacks during sport activities, and to re-
store originally expected athletic performance of the
affected individuals.
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Abstract

Background. Although assessment of lower extremity align-
ment is important for the treatment and evaluation of diseases
that present with malalignment of the lower extremity, it has
generally been performed using only plain radiographs seen
in two dimensions (2D). In addition, there is no consensus
regarding the criteria for quantitative three-dimensional (3D)
evaluation of the relative angle between the femur and tibia.
The purpose of this study was to establish assessment methods
and criteria for quantitatively evaluating lower extremity
alignment in 3D and to obtain reference data from normal
elderly subjects.

Methods. The normal alignment of 82 limbs of 45 healthy
elderly subjects (24 women, 21 men; mean age 65 years, range
60-81 years) was analyzed in 3D with regard to flexion, adduc-
tion—abduction, and rotational angle of the knee in the weight-
bearing,standing position.The obtained computed tomography
(CT) and biplanar computed radiography (CR) data were
used to define several anatomical axes of the femur and tibia
as references.

Results. In the sagittal plane, the mean extension—flexion
angle was significantly more recurvatum in women than in
men. In the coronal plane, the mean 3D hip-knee-ankle angle
was more varus by several degrees in this Japanese series than
that in a Caucasian series reported previously. Regarding
rotational alignment, the mean angle between the anteropos-
terior axis of the tibia and the transepicondylar axis of the
femur in this series was slightly larger (externally rotated)
than that of previously reported Japanese series examined in
the supine position.

Conclusions. These data are believed to represent important
references for 3D evaluation of morbid lower extremity align-
ment in the weight-bearing, standing position and are impor-
tant for biomechanical research (e.g., 3D analyses of knee
kinematics) because the relative angles between the femur
and tibia are assessed three-dimensionally.
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Received: January 8, 2009 / Accepted: September 13, 2009
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Introduction

Lower extremity alignment is determined by both the
spatial relation between the femur and tibia and by the
geometry of these bones. Assessment of lower extrem-
ity alignment is important when determining and evalu-
ating treatment for diseases that present with abnormal
alignment in the lower extremities, such as knee and hip
arthritis, patellar dislocation, and congenital malalign-
ment.™ In the field of orthopedic surgery, lower
extremity alignment is generally assessed two-dimen-
sionally (2D) on plain radiographs using the hip-knee-
ankle angle or the tibiofemoral angle in the coronal
plane alone."'*** However, 2D radiographic measure-
ments are affected by the position of the radiation
source and the orientation of the subject’s pelvis and
lower extremities.'® Therefore, the accuracy and repro-
ducibility of this method are insufficient for detailed
investigations. In addition, rotational alignment cannot
be assessed on plain radiographs.

Despite remarkable recent developments in medical
imaging technologies that enable visualization of the
three-dimensional (3D) geometry of bone and align-
ment of the lower extremity, few studies have reported
quantitative 3D evaluations of lower extremity align-
ment in the weight-bearing, standing position using 3D
digital bone models. In addition, there remains a lack
of consensus regarding the criteria for quantitative 3D
assessment.

- As previously reported, we developed a method for
assessing 3D lower extremity alignment in the standing
position using 3D digital bone models; this system has
been in clinical use since 2002.""* To evaluate morbid
alignment in the lower extremities of patients with
hip and knee arthritis and other diseases, it is vital to
obtain normal data of lower extremity alignment from
healthy subjects as a reference. One of the purposes
of this study was to obtain these reference data by
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quantitative, 3D evaluation of lower extremity align-
ment in healthy elderly subjects so we could compare
them with data from osteoarthritis patients’ alignment,
thereby increasing our knowledge of the clinical state
of the disease in future research. Another purpose was
to establish the criteria for these evaluations.

Materials and methods

This study was performed according to the protocol
approved by the investigational review board of our
hospital and Niigata University. All subjects gave
informed consent to participate in this study.

Subjects

We assessed 82 limbs of 45 healthy elderly subjects (24
women, 21 men; 37 bilateral and 8 unilateral) who had
no pain, history of trauma, knee injury, knee complaints,
or radiographic abnormality in the lower limb; they also
had no osteoarthritis or rheumatoid arthritis. Unilateral
data had been previously collected for another study,
and the subjects’ opposite lower limbs did not have any
of the above-mentioned disorders. The average age of
the subjects was 65 years (range 60-81 years).

Three-dimensional digital bone models

Computed tomography (CT) scans with a 2-mm interval
were obtained of the femur and tibia of each subject. A
3D digital model of each femur and tibia was recon-
structed from the CT data using 3D visualization and
modeling software (Zedview; LEXI, Tokyo, Japan) and
displayed as a point group. The anatomical coordinate
systems were established using 3D model digitizing soft-
ware (Model Viewer; LEXI) according to the method
of Sato et al.'"”"® (Fig. 1). Several anatomical reference
points (described below) were digitized, and the
reference axes used in the present study were then
installed.

Three-dimensional image-matching procedure

Biplanar computed radiography (CR) images of the
subjects’ lower extremities were obtained in the weight-
bearing, standing position with the knee fully extended
and toes in the neutral position using the 3D lower-
extremity alignment assessment system previously
reported.”™ These images were downloaded to a per-
sonal computer. Using the camera calibration tech-
nique, I’ we projected the cited 3D digital bone models
onto the biplanar CR images by matching the silhou-
ettes of the digital models to the contours of the respec-
tive CR bone images via 3D rotation and translation.
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Top of the medial and lateral
intercondylar tubercles

Femoral head

Bilateral points

Posterior condyles on the top of the talar dome

Fig. 1. Bony reference points and anatomical axes defined on
the femur and tibia. Continuous lines, three-dimensional func-
tional axes (3DFA) [11]; dotted lines, anatomical longitudinal
axes (ALA)

After these image-matching procedures, a 3D view of
the digital bone model that accurately reproduced the
spatial relation between the femur and the tibia at the
time of CR projection was displayed; and all alignment
parameters (described below) were automatically cal-
culated. The maximum spatial errors of this procedure
were 0.5 mm when determining distance and 0.8° when
determining orientation.”” The maximum errors in the
proposed image matching procedure for determining
the relative pose and position between the femur and
tibia were 1.6 mm distance and 1.5° orientation.”” With
regard to the reproducibility of the calculated angles,
the maximum interobserver error, including all pro-
cesses of the analysis, was 1.9°, and the maximum
intraobserver error was 0.8°.

Definitions of anatomical parameters

Anatomical axes

For true 3D evaluation of lower extremity alignment,
the anatomical reference axes themselves must also be
defined in 3D. To define the anatomical longitudinal
axes of the femur (ALA-f) and tibia (ALA-t) in 3D, a
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Medial
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Fig. 2. View of the distal femur. g, b, prominences of the
medial and lateral femoral epicondyles; c, d, posterior-most
points of the medial and lateral femoral condyles; /, clinical
transepicondylar axis (CTEA); 11, femoral posterior condylar
axis (PCA-f)

point group centroid was calculated automatically for
the 10 respective cross-sectional planes that divide the
diaphysis into 11 equal sections. The ALA was defined
as a regression line obtained from approximating dis-
tances from these 10 centroids by the least square
method (Fig. 1). The 3D functional axes of the femur
(3DFA-f) and tibia (3DFA-t) were defined according to
the method proposed by Sato et al."* 3DFA-f was defined
as a line connecting the center of the femoral head and
the midpoint of the spheres that represent the medial
and lateral posterior femoral condyles. 3DFA-t was
defined as a line connecting the midpoint of the emi-
nences of the medial and lateral tibial spines and the
center of the ankle joint. Additional axes were defined
to assess rotational alignment. For the femur, the pos-
terior condylar axis (PCA-f) * was defined as a line
connecting the posterior-most points of the medial and
lateral femoral condyles; and the clinical transepicondy-
lar axis (CTEA) ®* was defined as a line connecting
the prominences of the medial and lateral epicondyles
(Fig. 2). For the tibia, the posterior condylar axis (PCA-
t) * was defined as a line connecting the posterior-most
points of the medial and lateral tibial condyles. The
anteroposterior axis of the tibia (APA-t)* was defined
as a line connecting the anterior-most point of the tibial
insertion of the posterior cruciate ligament (PCL) and
the medial edge of the tibial tubercle® projected onto
the axial plane of the tibial coordinate system (Fig. 3).

Extension-flexion angle

The anatomical extension—flexion angle of the knee was
defined in two ways: (1) as the angle between ALA-f
and ALA-t projected onto the sagittal plane of the
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Medial

---------

Fig. 3. View of the proximal tibia. e, medial edge of tibial
tubercle; f, anterior-most point of insertion of the posterior
cruciate ligament; g, A, posterior-most points of medial and
lateral condyles. /11, anteroposterior axis of the tibia (APA-t);
IV, tibial posterior condylar axis (PCA-t)

femoral coordinate system, termed the 3D anatomical
flexion angle (3DAFA); and (2) as the angle between
3DFA-f and 3DFA-t projected onto the same plane,
termed the 3D mechanical flexion angle (3DMFA) (Fig.
4). We believe that these angles are each alternative for
conventional parameters for evaluating limb alignment:
3DAFA is the 3D version of the definition of knee
flexion angle, which is generally utilized for clinical
examination; and 3DMFA is the 3D and sagittal version
of the conventional hip-knee-ankle angle (HKA).

Adduction-abduction angle

The adduction-abduction angle was also defined in
two ways: (1) as the angle between ALA-f and ALA-t
projected onto the femoral coronal plane, termed the
3D tibiofemoral angle (3DTFA); and (2) as the angle
between 3DFA-f and 3DFA-t projected onto the same
plane, termed the 3D hip-knee-ankle angle (3DHKA)
(Fig. 5). These two angles are literally 3D versions of
TFA and HKA, respectively.

Rotational angle

The relative rotational angle between the femur and
tibia at the knee joint was defined in two ways: (1) as
the angle between PCA-f and PCA-t projected onto the
axial plane of the femoral coordinate system, termed
the posterior rotational angle (PRA); and (2) as the
angle between CTEA and APA-t projected onto the
same plane, termed the functional rotational angle
(FRA). We defined PRA as a stable angle for accurate
assessment, such as motion analysis. FRA was defined
particularly for considering the target alignment of the
implants of total knee arthroplasty (Fig. 6).
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Femoral sagittal plane

—— 3DFA
cee-=- ALA

Fig. 4. Reference axes projected onto the femoral sagittal
plane. o, 3D anatomical flexion angle (3DAFA), defined as
the angle between the ALA-f and ALA-t; B, 3D mechanical

flexion angle (3DMFA), defined as the angle between 3DFA-f
and 3DFA-t "

Statistical analyses

Differences in all of the angles for sex were assessed
using Student’s r-test, with the level of significance set
at P < 0.05. The associations between each plane were
investigated using regression analysis.

Results

The mean value and standard deviation of each param-
eter are described in Table 1. Both of the extension-
flexion angles (3DMFA and 3DAFA) were significantly
(P = 0.03) lower (genu recurvatum) in women than in
men; in contrast, no difference was found for adduc-
tion-abduction or rotational angles with regard to sex.
There were no significant correlations between any
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Femoral coronal plane

Fig. 5. Reference axes projected onto the femoral coronal
plane. v, 3D tibiofemoral angle (3DTFA), defined as the angle
between the ALA-f and ALA-t; §, 3D hip-knee-ankle angle

(3DHKA), defined as the angle between the 3DFA-f and
3DFA-t

combinations of three planes with either of the total or
by sex. Although all the angles demonstrated near-

normal distributions, wide variations were shown for all
angles.

Discussion

We conducted a 3D assessment of alignment of the
lower extremities in healthy subjects in weight-bearing,
standing position using an anatomical coordinate system
established by various bony landmarks on 3D digital
bone models. The use of 3D digital models reconstructed
from CT data enabled accurate assessment of several
clinically important bony landmarks, including the
femoral epicondyles and insertion of the posterior cru-
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femoral contour and axes
tibial contour and axes

Fig. 6. Reference axes projected onto the femoral axial plane.
¢, functional rotational angle (FRA), defined as the angle
between the PCA-f and PCA-t; {, posterior rotational angle
(PRA), defined as the angle between the CTEA and APA-t

ciate ligament (PCL), which are particularly useful for
evaluating rotational alignment between the femur and
tibia. Cooke et al."* also reported a 3D evaluation of
lower extremity alignment in the standing position using
a similarly calibrated frame but without utilizing the
3D geometry of bone; thus, the important landmarks
described above could not be evaluated and accurate
evaluation of rotational alignment could not be achieved.
Taking into account that recent remarkable develop-
ment - in CT and magnetic resonance imaging (MRI)
technology enables accurate 3D information of bone
geometry to be obtained relatively easily, we think that
it is reasonable to use this 3D information for precise
evaluations of lower extremity alignment.

Regarding the definitions of the parameters for align-
ment evaluations, all angles that describe a relative
angle between the femur and tibia were projected onto
respective planes of the femoral coordinate system in
the present study. Although it was a relatively compli-
cated procedure, we believe that all angles should be
projected onto the planes of any anatomical coordinate
system of the subject’s own bone, and that it was the
only way to eliminate the measuring errors caused by
the postures of the subjects and the positions of the
radiation sources used for conventional 2D evaluation
by plain radiography."®

Although we found no previous studies that reported
evaluation of lower extremity alignment using the same
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3D concept as that proposed in the present study,
several authors have reported their findings of entire
lower extremity alignment in each plane, as follows.
With regard to sagittal alignment, Minoda et al. were
the first to report a 2D evaluation' of healthy subjects
in the standing weight-bearing position; they used lateral
plain radiography, which revealed a knee flexion angle
of 0.8° + 4.2° (range —6.2° to 9.2°). Compared with the
results of their study, the mean 3DMFA in the present
study is slightly more recurvatum, probably reflecting
differences in the definitions of the reference axes in the
two studies: In the present study, all reference axes were
defined three-dimensionally, whereas in Minoda’s study
they were defined two-dimensionally. Another factor
possibly reflecting the difference in the results between
the two studies was that they used the fibula as the lower
limb axis, whereas we used the tibia (ALA-t). With
regard to differences between the sexes, our results
found significantly more extension (genu recurvatum)
in women, as reported by Nguyen and Shultz.”” We
believe that the results of the present study regarding
the knee extension—flexion angle (e.g., 3DAFA and
3DMFA) may be used as reference data when evaluat-
ing the knee flexion angle anatomically in such situa-
tions as knee motion analysis or accurate clinical
assessment of range of motion.

Regarding coronal alignment, Moreland et al
reported that the mean knee adduction—abduction angle
measured on plain long-leg anteroposterior radiogra-
phy was 178.5° for the right and 178.9° for the left."
Cooke et al. also reported coronal alignment of the
lower extremity as the HKA angle in healthy subjects
in the standing position' and described almost the same
alignment as that reported by Moreland et al. Com-
pared with these studies, the mean adduction-abduc-
tion angle (3DHKA) in the present study was slightly
greater (genu varum). The results of coronal alignment
(3DHKA and 3DTFA) in the present study were almost
the same as the results of two previous studies™” that
reported coronal alignment of lower extremities in
Asian populations. Therefore, we believe that the dif-
ference in coronal alignment between the results of our
series and that of Moreland et al’s study reflected
a racial difference, rather than a difference in the
methodologies.

Akagi et al.” measured the rotation angle of the knee
joint in healthy subjects in the supine position, reporting
a value of 0° £2.8° (range —6.3° to 5.2°). Compared with
this previous study, the results of the present study show
slightly greater external rotation of the tibia against the
femur, probably reflecting differences in the definitions
of the reference axis of the femur and in the subjects’
posture in the two studies. In the Akagi et al. study, the
surgical transepicondylar axis® (SEA) — defined as the
line connecting the sulcus of the medial epicondyle and
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Table 1. Angles: means, standard deviations, and ranges
Parameter Male Female Total
Age
Mean 65.6 64.8 65.1
SD 5.0 5.0 5.0
Range 60-74 60-77 60-77
Extension—flexion angle (°)
3DAFA
Mean 6.1 4.0 5.0
SD 5.1 6.0 5.6
Range -6.5t0 5.1 -6.8 t0 6.0 -6.8 t0 18.3
3DMFA
Mean -22 -5.1 -3.8
SD 53 6.0 5.9
Range -15.7t0 5.3 -155t06 -15.7t0 9.7
Adduction—abduction angle (°)
3DTFA
Mean 171.5 176.6 177
SD 2.5 2.5 2.5
Range 172.1-182 171.7-182 171-182
3DHKA
Mean 181.8 181.8 181.8
SD 22 2.6 24
Range 177.8-186.5 176.6-188.4 176.6-188.4
Rotation angle (°)
PRA
Mean -1.4 2.6 2.1
SD 6.9 6.4 6.6
Range -14.1to0 12.1 -14.8 to 14.3 -14.8 t0 14.3
FRA
Mean 87.3 84.4 85.7
SD 45 6.0 51
Range 70.5-104 62.5-99.1 64.9-106.0

AFA, anatomical flexion axis; MFA, mechanical flexion axis; TFA, tibiofemoral angle; HKA, hip-knee-ankle angle; PRA, posterior rotation

angle; FRA, functional rotation angle

the lateral epicondyle — was utilized, whereas the CTEA
was utilized in the present study because the sulcus of
the medial epicondyle was sometimes not present.”
With regard to the subject’s posture, the present study is
the first in which the relative rotational angle between
the femur and tibia was assessed in the weight-bearing,
standing position with the knee fully extended; this angle
was assessed in the supine position in the previous
studies. Therefore, we believe that the tibia was more
externally rotated against the femur in this position than
in the supine position, achieving “screw-home move-
ment” during terminal extension of the knee.*

Throughout the results, the present study shows
marked variability among individuals, and there was
no clear correlation between each plane. These facts
suggest the difficulty of anticipating entire limb align-
ment from one parameter in any plane. Assessment of
each parameter is thought to be required for detail
inspections.

There were several limitations in this study. First, the
number of subjects was relatively small because it was
difficulty finding a large number of volunteers of the
required age who were healthy and who were willing to
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undergo a CT scan of the entire lower extremity. A
larger number of subjects is considered necessary to
provide more reliable reference data. Second, the radia-
tion dose delivered during this procedure was higher
than that for a plain radiograph because CT scanning
was used. New methods for producing 3D digital bone
models from images taken by other radiation-free
devices, such as MRI, are currently under development.
Finally, the definition of “healthy” subjects in this study
was based on our subjective determinations. It is possi-
ble that subjects who did not have any pain or disease
in the lower extremity during the period of this research
may develop disease later. Elderly subjects were inves-
tigated in this study because we thought that the above
possibility would be reduced if the ages of the subjects
were relatively high.

In the present study, normal alignment of the lower
extremities was analyzed in three dimensions in the
weight-bearing, standing position using several anatom-
ical axes defined three-dimensionally. We also sug-
gested definitions of anatomical extension—flexion,
adduction—-abduction, and rotational angle of the knee,
which were then measured three-dimensionally in



70

A. Ariumi et al.: Three-dimensional leg alignment in healthy subjects

healthy subjects. These data are believed to represent
important references for determining the above angles
in 3D knee motion analysis and in other accurate evalu-
ations regarding 3D knee alignment.
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Determination of the femoral tunnel placement using a navigation system
for arthroscopic surgery.

Koji ODA, Toyohiko HAYASHI, PhD, Go OMORIL MD., Satoshi WATANABE, MD.,
Osamu TANIFUJI, MD., Takashi SATO, MD., Yoshio KOGA, MD.

Abstract

We developed a navigation system for arthroscopic surgery so that operators could intui-
tively understand preoperative planning during surgery. In order to establish such a system, we
have been developing a system of superimposing 3D bone-models reconstructed from preoperative
tomographic images upon the arthroscopic image on a real-time basis. Such superimposition facil-
itates visualization of surgical planning using the intraoperative arthroscopic image if it is incor-
porated into the bone model before surgery. The present study evaluated the overall accuracy of
the superimposing system using a cadaveric knee. For accuracy verification, we placed a target
point in the femoral tunnel for anterior cruciate ligament reconstruction. In experiments, a metal
pin was used as the target point. The position of the pin superimposed upon arthroscopic image
of the joint filled with saline was measured by using a measuring probe. Experiments showed
that the error of the target evaluated as the distance between the actual point and the measured
point was 1.95 mm on average, suggesting that our system has the potential to be applied to the
navigation for arthroscopic surgery. Future challenges are to improve the overall accuracy and
to introduce MRI models of the cartilage into the system.

Key words : arthroscopic surgery, computer-assisted orthopaedic surgery, accuracy verification, cadaveric
experiment.
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