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Flexibility is often evaluated from the joint range of motion (ROM), but the mechanisms
underlying gender differences in joint ROM have not been elucidated. The purpose of this
study was to investigate the factors influencing the difference in ankle joint ROM between
men and women with respect to the extensibility of muscle-tendon complex. Eighteen men
(21-26 yr, 66.4+6.0kg, 173.7+7.4cm mean+SD) and 12 women (19-27yr, 52.9+4.8kg, 163.4+
4.3cm) participated in this study. Each subject was seated with the knee extended, and the
ankle joint was attached to a foot plate, by which the ankle joint was passively dorsiflexed
with torque gradually increasing from zero to a value at which the passive loading to
the ankle joint was just tolerable for each subject. During the passive loading, real-time
ultrasonogram was taken to track the movement of MTJ (muscle-tendon junction of the
gastrocnemius medialis and Achilles tendon) as the elongation of muscle belly (dMus). The
change of MTC (muscle-tendon complex) length (dMTC) during the passive dorsiflexion was
estimated from changes in ankle joint angle. Tendon elongation (dTen) was calculated by
subtracting dMus from dMTC. There was no significant difference in normalized passive
torque during passive dorsiflexion between men and women. Women were more flexible, i.e.,
they demonstrated greater dMTC, which was accompanied by greater dTen at lower torque
levels. However, dMus was not different between men and women. It was concluded that
gender difference in the joint ROM at the ankle reflects more compliant Achilles tendon in
women than in men.

Keywords: flexibility, gender difference, ankle joint, muscle-tendon complex

[International Journal of Sport and Health Science Vol.3, 218-225, 2005]

1. Introduction

Flexibility is a physical fitness and is often
evaluated from the joint range of motion (ROM). It
is defined as "performance of smooth and extensive
movement of body joints" (Takata, 1990). Reports
on the significance of flexibility have focused on
contribution of preventing injuries and improving
sports performance (Alter, 1996; Kuriyama, et al.,
1986; Yamamoto, 1996). For example, in the hurdles
an extensive joint ROM is required in the hip joint
while, in swimming, a wide range of motion in the
shoulder joint is more advantageous for strokes in

International Journal of Sport and Health Science Vol.3, 218-225, 2005
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free style (Yamamoto, 1996). Factors to define ROM
include skeletal constitution, extensibility of muscle
and tendon tissues, influence of the nervous system,
and tolerance to pain (Noris, 1999). Another study
reports that MTC elongation is one factor to regulate
the joint ROM (Alter, 1996) because the joint ROM
is affected by direct crossing of the muscle-tendon
complex (MTC) through the joint.

Women are thought to have better flexibility than
men. Actually, there are many reports than women
have larger joint range of motion (ROM) than men
(Grimston, 1993; Riemann, 2001).

Kawakami, et al., (2003) have referred to the
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Table 1 Physical characteristics of the subjects. Data are means (SD)

Age (yrs) Weight (kg) Heigth (cm) SL (cm) Circum. (cm) TL (cm)
Men 224 (1.7 66.4 (6.0) 173.3(7.4) 403 2.9) 37.5(3.0) 21.7(2.7)
(n=18)
Women 21.8 2.0) 529(4.8* 1634(43)* 37.7(1.4)* 355 (@2.2)* 19.4 (1.7)*
(n=12)

SL: Shank Length
Circum.: Circumferrence of calf

*: Significantly different from men, p<0.05

TL: Achilles Tendon Length (distal to the gastrocnemius muscle belly)

Figure 1 Experimental Setting

regulatory factors of ankle joint ROM in their study
on the middle-aged and the elderly, saying that the
passive dorsiflexion angle is affécted by elongation
resistance of the muscle group elongated and that
women have greater passive dorsiflexion angle than
men because of the difference in muscle volume.
They also reported that the dynamic property of
tendon tissues affects gender difference of passive
dorsiflexion angle. Kubo, et al., (2003) explain that,
by comparing characteristics of the tendon tissues of
the gastrocnemius medialis between men and women,
stiffness and hysteresis of the Achilles tendon of
women are significantly lower than those of men.

One factor influential on the joint ROM may be
the difference of extensibility of muscle and tendon
tissues. From the above-mentioned studies of gender
difference on tendon tissue, we hypothesized that
tendon elongation especially may affect gender
difference of the joint ROM. Based on this
hypothesis, the purpose of this study is to examine
gender difference on extensibility and joint ROM of
the triceps surae muscles and tendon when the ankle
joint is passively dorsiflexed.

2. Method
2.1. Subjects

We conducted the experiment with 18 men and
12 women who were healthy and had never had
medical problems in their legs and feet, (Table 1:
Physical characteristics of the subjects). Prior to the
experiment, the subjects were sufficiently informed
of the purpose and method of the experiment before
providing written consent. The experiment was
approved by the Ethics Committee of the Faculty of
Sport Sciences at Waseda University.

2.2. Measurement

As the subjects’ physical characteristics
measurement, we measured the shank length, the
circumference of calf, and the Achilles tendon length.
The shank length was from the knee absconsio to
the lateral malleous of the tibia, the circumferrence
was measured, at the position proximal 30% of the
shank length. Using an ultrasonic with its probe
mounted with a water bag (ALOKA, Japan), we
visually checked the distance between bone-tendon
transition part of the Achilles tendon and the distal
end of gastrocnemius medialis and made it the
Achilles tendon length. The muscle length of the
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Figure 2 The movement of MTJ when the ankle joint was
passively dorsiflexed

gastrocnemius was calculated by subtracting the
Achilles tendon length from the shank length.

The subjects were seated with the knee joint fully
extended while their ankle joint was fixed onto the
foot plate of the dynamometer (VINE, Japan). The
measurement was made by rotating the foot plate to
the ankle joint dorsiflexion direction with the start
point at 30 degrees plantar flexion. The examiner
gradually increased loading to the ankle dorsiflexion
direction by operating the torque output of the
dynamometer. We instructed the subjects to relax
the plantar flexion muscle group and not to make
movements against passive dorsiflexion during
measurement. Final loading was decided from a
preliminary measurement to a degree in which the
subjects subjectively felt stretching to elongation of
the crural triceps surae muscles as "moderate stretch
feeling" to "a little strained". Following Worren, et
al., (1992), we obtained this indicator by the visual
analog scale method. This load was different for
each subject, and the torque to this load and the
passive ankle joint dorsifiexion angle that occurred
by motor rotation were used for analysis. Surface

Musculotendinous Factors Influencing Ankle Joint Flexibility

electromyogram was obtain from the gastrocnemius
medialis, lateralis, soleus, tibialis anterior, biceps
femoris (long head) muscle, and we confirmed no
muscle discharge by passive muscle elongation.

Using a specially-prepared angle meter (VINE,
Japan), we measured the joint angle (active
plantar-dorsi-flexion angle) when the subjects
performed ankle plantar-dorsi-flexion movement with
a maximum effort. The angle meter fixed at the shank
and foot part had been designed to permit free ankle
joint plantar-dorsi-flexion movement. Correlation
taken from the passive dorsiflexion angle measured
by the dynamometer and joint ROM measured by
the angle meter was »=0.735, which was significant
at a 0.1% level. From this, we considered that the
decision of loading obtained by the visual analog
scale method could sufficiently refiect the subjects’
joint ROM. ‘

By fixing the probe of the ultrasonic device
(SSD-6500, ALOKA, Japan) on the skin over the
muscle-tendon junction (MTJ) of the gastrocnemius
medialis and Achilles tendon, we took an image
of the movement of MTJ (Figure 2) accompanied
by ankle joint dorsiflexion, and measured this
movement as muscle elongation. The moment arm
lengths as a function of joint angles were estimated
from Rugg, et al. (1990), and the elongation of
muscle-tendon complex of triceps surae muscles was
estimated from the change of moment arm length
(Figure 3). The tendon elongation was defined as
the difference between the estimated value of MTC’s
total elongation and the actual measured value of
muscle elongation. Change of the ankle joint angle
during dorsiflexion was measured by attaching a
goniometer (Biometrics, UK) to the ankle joint’s
medial malleolus. We also measured the passive
torque generated by plantar flexor muscle group
by dorsiflexing the foot plate of the dynamometer.
During the measurement, changes of the ankle joint
angle and passive torque were recorded through
an A/D converter (Power Lab: AD Instruments,
Australia) into a computer at 1kHz .

Also, as an indicator of muscle strength of the
triceps surae muscles, we measured the ankle joint
MVC torque when isometric plantar flexion was
made in a maximum voluntary effort. At the time
of MVC measurement, the ankle joint angle was
fixed to the foot plate of the dynamometer at 0
degree anatomically neutral position. The torque was
measured twice, with a sufficient resting between two
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Ankle joint

Knee joint

AMTC=MAX 0
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Figure 3 The change of MTC (Muscle-tendon Complex) length (AMTC) during passive dorsiflexion
was estimated from changes in ankle joint angle (8) and moment arm lengths (MA)
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Figure 4 Typical example of passive TQ(%MVC) and AMTC(%) during the test

measurements. When there was a difference of more
than 10% between two measurements, we made the
third measurement.

2.3. Analyse

MTC elongation, muscle elongation, and tendon
elongation were increased to the increase of the
passive torque, and two phases were clearly observed
in all subjects (Figure 4). Therefore, we call hereafter
the first phase Phase A and the second Phase B.

Each elongation to the passive torque was linearly
regressed in each subject, and was divided at a point
where the residual of two regression lines became
least. The slope of regression of the subjects were
averaged in every group and compared between men
and women,

In consideration of difference in physique and
muscle strength by gender, MTC elongation,
muscle elongation, and tendon elongation were
normalized by the shank length, the muscle length of
the gastrocnemius, and the Achilles tendon length,
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respectively, and the passive torque was normalized
by plantar flexion MVC torque.

To verify the reproducibility of the method used in
this experiment, we performed passive dorsiflexion
of ankle joint twice in the same procedure on another
day more than one week after the initial experiment.
For the second passive dorsiflexion, the subjects had
a twenty minute rest after the first one. There was no
significant difference between the first and the second
ankle joint dorsiflexion angle to a constant passive
torque and the MTJ displacement in each subject,
nor in the foot plantar flexion torque. Therefore, we
judged that there was no difference in each indicator
obtained from the two measurements.

Musculotendinous Factors Influencing Ankle Joint Flexibility

2.4. Statistics

We used an unpaired T-test for comparison of
gender difference with judgment criteria of statistical
significance of p<0.05.

3. Results

Figure SA shows MTC elongation to the increase
of the passive torque; Figure 5B, muscle elongation;
Figure 5C, tendon elongation. Both Phase A and
Phase B with greater slope show greater elongation
to the constant passive torque. The slope of Phase
A in women, when compared with men, was
greater in MTC elongation (women: 8.3 > men:
5.2, p=0.0027), and difference was observed at the
point of the first small passive torque during the
measurement but no difference was observed in
Phase B (p=0.1250). Similarly, in muscle elongation
and tendon elongation, women had bigger values in
Phase A than men (muscle elongation, women: 4.6 >
men: 3.1, p=0.0063, tendon elongation, women: 3.7
> men: 2.3, p=0.0239). In Phase B, although there
was no difference in tendon elongation (p=0.3868),
men showed significantly bigger values in the muscle
elongation (men: 0.7, women: 0.3, p=0.0007).

Table 2 shows the final values during the passive
dorsiflexion. Women showed significantly bigger
values than men in the ankle joint dorsiflexion angle,
and also in the MTC elongation per shank length.

In muscle elongation and tendon elongation,
women were significantly greater in tendon
elongation. However, in muscle elongation, men and
women did not show any difference. From the fact
that the passive torque normalized in MVC showed
no significant difference between men and women,
we thought that there was no gender difference in the
relative loading of passive dorsiflexion.

Also, when we saw correlation between relative
MTC elongation and relative values of each index
by sex, both men and women showed a significant
positive correlation between MTC elongation and
tendon elongation (men: r=0.89, p<0.001, women:
r=0.79, p<0.01, Table 3, Figure 6B). However, no
significant correlation was observed between MTC
elongation and muscle elongation in either sex (Table
3, Figure 6A).
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Table 2 The normalized final values during passive dorsiflexion. Data are means (SD)

AJA (deg) AMTC(%) AMus(%)  ATen (%) TQ (%)
Men (n=18)  16.7 (6.5) 121(1.7)  159(1.7) 9.3 (1.9) 17.4 (5.1)
Women (n=12) 26.0 (7.6) *** 153 (L7)***  152(25) 15.1 3.3)***  19.8 (4.3)

AJA: Ankle Joint Angle during passive dorsif ***: Significantly different from men, p<0.001

Table 3 Correlation coefficients between AMTC and AMus and ATen.

A Mus (%) A Ten (%)

Men (n=18)

0.362 (n.s.) 0.886 (p<0.001)
Women (n=12) 0.365 (n.s.) 0.787 (p<0.01)

4. Discussion

The result of this study showed that women have
more compliant Achilles tendons than men. It also
suggested that tendon elongation may contribute to
the greatness of the joint ROM.

Although Oda, et al., (2002) did not examine
gender difference in MTC of the triceps surae
muscles, muscle architecture and functional
characteristics such as they shared maximum
dorsiflexion angle, joint stiffness, plantar flexion
muscles strength, calf circumference, triceps surae
muscle thickness, and muscle belly length were more
strongly related to passive maximum dorsiflexion
ROM than to tendon characteristics such as tendon
cross-sectional area and tendon length. The result is
different from these of the present study in which we
found that MTC elongation (= maximum dorsiflexion
angle) was more strongly affected by tendon
elongation than by muscle elongation.

There is a report that only the "Toe-Region" of
tendon’s 'force-length relationship is used under
MVC (Ito, et al., 1998; Maganaris, et al., 1999).
Phase A and B observed in the present study might
fall within this "Toe-Region". Yet, greater MTC
elongation, muscle elongation, and tendon elongation
of women were notable in Phase A and a clear gender
difference was observed in the slope of Phase A.
Phase A of the present study is thought to correspond
to the region with low stress in the "Toe-Region".
Ker (1992), and Jozsa, et al., (1997) have reported
that the toe-region occupies the region with "low
stress” (2% of extremely low strain) in stress-strain
relations and that collagenous tendons and ligaments
are mainly extended. Also, in constitution, crimp
constitution preceding elongation of waviness as well

as elongation of waviness held by collagen fiber of
tendon tissue are transformed. Therefore, in relation
to gender difference seen in Phase A of tendon
elongation, gender difference of joint ROM may
be affected by the difference between waviness of
collagen fiber and crimp before waviness is extended.
The present study examined gender difference of
joint ROM in view of muscle elongation and tendon
elongation. There is also a report that joint laxity
due to the ligament and skeleton may also affect
gender difference of joint ROM (Wilkerson, et al.,
2000; Brown, et al., 2000). These points need further
detailed study.

Kawakami, et al., (2003) performed a similar
experiment with middle-aged and elderly men and
women and observed, from the fact that a negative
correlation was seen between passive dorsiflexion
angle and thickness of plantar flexor muscles, that the
amount of muscle may affect passive elongation and
that the higher flexibility of women than men owes to
the difference in the volume of muscle. This is what
Oda, et al., (2002) asserted. The result of the present
study, however, did not show significant correlation
between MTC elongation and calf circumference:
correlation between the absolute values and the calf
circumference in the MTC elongation was, men:
r=-0.239(n.s.), and women: r=-0.569(n.s.), and
correlation between the relative values and the calf
circumference in the MTC elongation was, men:
r=-0.410(n.s.), women: »=0.282(n.s.). From these
results, influence of the muscle volume of the triceps
surae muscles on the ankle joint dorsiflexion angle
and MTC elongation could not be corroborated in this
study.

From the correlation between MTC elongation
and muscle elongation, and the correlation between

223 International Journal of Sport and Health Science Vol.3, 218-225, 2005

http://www.soc.nii.ac.jp/jspe3/index.htm

_.16._



A 25 ¢
20 o
L )
u | '-Oo
: o
~ 15 ‘ --cp
) ()
g "L
E o
=
<110
516
0
B s
20
ng
-1
[}
~ 10
<
5
0 . ;
] 5 10 15 20

AMTC (%)

Figure 6 A: The relationship between AMTC and AMus
M: Men (r=0.362, n.s.), O: Women (r=0.365, n.s.)
B:The relationship between AMTC and ATen
B Men (=0.886, p<0.001), O: Women {r=0.787,
p<0.01)

MTC elongation and tendon elongation, a positive
significant correlation was observed in tendon
elongation in both sexes (men: r=0.89, p<0.001,
women: r=0.79, p<0.01) but not in muscle elongation
in both sexes. Although significant correlation was
not observed in relative MTC elongation and muscle
elongation that was done without discriminating the
subjects’ sex as a trial (»=0.228, n.s.), a significant
positive correlation was observed in relative MTC
elongation and tendon elongation (=0.901, p<0.001).
These results showed that individual difference of
tendon elongation may affect individual difference of
MTC elongation.

In the latter half of two phases of muscle
elongation to the passive torque (Phase B), men
slope was significantly greater than women. It
demonstrates that women muscle elongation
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notably increases with the increase of the passive
torque in Phase A while in Phase B little increase
was observed. Meanwhile, although men muscle
elongation with the increase of the passive torque
is significantly lower than women in Phase A, it
continues increasing in the Phase B.

From the above results, it may be concluded that
men's tendons have more difficulty in extending
than women's tendons with the same loading. At the
"Toe-Region", men compensate difficulty extending
the tendon by muscle elongation in Phase B. On the
contrary, women might use tendon elongation for
Phase B of MTC elongation and do not show much
muscle elongation. If muscle elongation has its limit,
the women muscle belly may be extended close to
this limit in Phase A of the "Toe-Region" and further
elongation might have been restricted. However, this
point is only our speculation.

Kubo, et al., (2003), in their report, showed the
relationship between muscle strength and tendon
elongation when adult men and women gradually
exerted plantar flexion torque from rest to MVC.
Kubo, et al., (2003) presented the result that in
the relationship of Fm (muscle force)-L (tendon
elongation), men, when compared with women, had
a significantly smaller value of L in muscle force
of more than 50N. The present study demonstrated
gender difference in plantar flexor muscle strength
of less than 50N, in which Kubo, et al., (2003)
concluded to the contrary. The difference in the
result between the present study and that of Kubo,
et al., (2003) might be gender difference in tendon
elongation by muscle contraction in the study of
Kubo, et al., (2003) vs. gender difference in tendon
elongation by passive tendon elongation in this study.
This report explains gender difference in the tendon
properties just as in the shape of muscle. In the
function, women have significantly lower stiffness
and hysteresis than men, which means women have
compliant tendons. From the result verified in this
study like the study by Kubo, et al., (2003), the
women's tendon is more compliant than that of men's,
which might exhibit gender difference in the joint
range of motion.

Gender difference observed in MTC elongation
with a swell loading in the Toe-Region of the tendon
suggests that, even in a movement generating a
small torque that frequently occurs in daily life,
gender difference of the joint range of motion may
affect gender difference of the performance of the
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movement. Gender difference in the indices of
flexibility such as standing anteflexion and prone
leaning flexibility might relate to this finding. Its
physiological meaning should require further study.
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The present paper reviews previous studies on changes in muscle architecture in hamans as
a result of strength training. Muscle architecture here refers to 1) muscle size, 2) pennation
angle, and 3) muscle fiber length. Training-induced changes are summarized respectively.
A typical outcome of strength training is muscle hypertrophy, which is manifested as an
increase in muscle size evaluated by cross-sectional area and muscle volume. However,
changes also occur in pennation angles and, possibly, in muscle fiber lengths. Increased
pennation angles after training have the detrimental effect of producing a reduced force
transmission from muscle fibers to tendon, which might lead to a decrease in specific
tension or muscle force per physiological cross-sectional area. Recent in vivo studies on
human muscles have revealed that changes in pennation angles resulting from training and
contraction are much greater than previously thought.

Keywords: muscle cross-sectional area, pennation angle, fiber length, specific tension

[International Journal of Sport and Health Science Vol.3, 208-217, 2005)

1. Introduction

The effects of strength training on muscle size and
function have been the focus of exercise science for
more than a century. Numerous studies have been
undertaken, and even today, novel findings are being
reported. In this review, rather than providing an
extensive review of these studies, we focus instead
on a recently emerging idea concerning the strength
training effects on muscle architecture and it’s
fimctional significance. There is increasing evidence
of the importance of muscle architecture in muscle
force production, and it has been shown that muscle
architecture changes as a result of strength training.
There are several aspects of muscle architecture, and
the time course of strength gain as a result of training
is not a simple function of muscle size. Strength
training refers to resistance training in which skeletal
muscle is encumbered by a resistive load for the
enhancement of muscle strength and power, and
the increase in size (hypertrophy). Other types of
training such as endurance (either cardiopulmonary
or muscular) are beyond the scope of the present
article.

Muscle architecture is a widely applicable concept
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for the arrangement of muscle components within
the framework of the musculoskeletal system. The
following levels have been defined (Gans and de
Free 1987), i.c., 1) the organization of the sarcomeres
and their placement within fibers, ; 2) the placement
of fibers within muscle; and 3) the placement of
muscle within the skeleton. The term placement
can be regarded as the way in which sarcomeres,
fibers, and muscles are arranged in space relative to
surrounding structures, as well as the magnitude of
their quantity (i.c.. size) (Kawakami, et al., 2000a).
For instance, with respect to the second level, human
skeletal muscle has a wide variety of fascicle (or
muscle fiber) arrangements typically classified into
pennate and parallel-fibered muscle (Gans and de
Free 1987). Also, fiber and muscle cross-sectional
areas (CSA) are the parameters of muscle architecture
at the second and third levels, respectively.
Training-induced morphological changes in human
skeletal muscle typically manifest at these levels
of muscle architecture, which are addressed in the
present article.
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2. Training-induced changes in muscle
architecture

2.1. Muscle size

As a result of strength training, there occurs
an enlargement of muscle fibers and, hence, an
increase in muscle size (MacDougall, et al., 1980).
In human studies. muscle size is assessed from
partial information such as the thickness of the
muscle belly or CSA of a muscle or muscle groups.
Although there is a highly significant correlation (r
=0.9) between the thickness and CSA of a muscle
(Martinson and Stokes, 1991), the latter is frequently
used in training studies, since the former is only a
partial, one-dimensional measure of muscle. To
measure muscle CSA in humans, imaging techniques
such as ultrasonography (US, Dons, et al., 1979;
Ikai and Fukunaga, 1970; Ichinose, et al., 1998),
computed tomography (CT, Alway, et al., 1990;
Davies, et al., 1988; Jones and Rutherford, 1987;
Luthi, et al., 1986), and magnetic resonance imaging
have been used (MRI, Akima, et al., 2003; Cureton,
et al., 1988; Housh, et al., 1992; Kawakami, et al.,
1995). It has been shown in these studies that muscle
CSA increases by 5 — 20% as a result of strength
training lasting 5 — 12 weeks.

In reality, muscle presents three-dimensionally,
and a training-induced enlargement takes place
throughout the muscle. Therefore, it is more
appropriate to evaluate muscle size over the entire
muscle belly. Recently, taking CSAs serially from
the proximal to the distal end of the muscle has
been possible by MRI. This method was initially
introduced by Mungiole and Martin (1990), and
later developed by Fukunaga, et al., (1992). It was
shown by this method that muscle hypertrophy by
strength training resulted in inhomogeneous increases
in CSAs over the muscle length (Narici, et al.,
1989). Roman, et al., (1993) found after 12 weeks
of elbow flexor muscle strength training in clderly
subjects an increase in a single slice CSA by 23%,
while the muscle volume increased by only 14%.
From this result, they negated the single-slice-based
evaluation of muscle size. A similar finding was
reported by Aagaard, et al.. (2000) for quadriceps
muscles. Kawakami, et al., (1995). however, did
not find significant differences in changes in CSAs
over the lengths of the triceps surae muscles after
16-weeks strength training (Figure 1). No decisive

209

conclusion has yet made regarding the intra-muscle
inhomogeneity of muscle hypertrophy. However,
it has been shown that muscle volume is related
more to joint torque than to CSA (Fukunaga, et al.,
2001). Thus, when evaluating joint performance
from muscle size, the muscle volume rather than CSA
should be measured. Recent studies have adopted
muscle volume as a measure of muscle size (e.g.,
Kanehisa, et al., 2002; Tracy, et al., 1999; Tesch, et
al.. 2003); however, other studies exist that evaluate
muscle size from a single, anatomical CSA (e.g.,
Ahtiainen, et al., 2005; Gondin, et al., 2005; Hubal, et
al., 2005).

2.2. Pennation angle

Skeletal muscles are roughly divided into two
types with respect to the arrangement of fascicles or
muscle fibers, i.c., parallel-fibered muscles in which
fibers with length close to that of the whole muscle
lie almost parallel to the muscle line of action, and
pennate muscles, in which short fibers insert into
tendons at an angle to the muscle line of action (Gans
and de Free 1987). The angulation of muscle fibers
relative to the line of action of muscle in pennate
muscles is known as pennation angle.

Fiber pennation is considered to be a packing
strategy by which more fibers can be contained in a
muscle compared with parallel-fibered muscles (Gans
and Gaunt, 1991). The gastrocnemius, a typical
unipennate muscle, has more than 1 million fibers
while the parallel sartorius muscle has approximately
100,000 fibers (McComas, 1996). Thus, the
physiological CSA (total CSAs of fibers in a muscle)
of pennate muscles is larger than parallel-fibered
muscles (Yamaguchi, et al., 1990). From this fact, it
has been thought that pennate muscles are designed
for force production while parallel-fibered muscles
are designed for excursion and speed (Huijing and
Woittiez, 1984; Lieber and Blevins, 1989). Recently,
however, pennate muscles have been shown to
possess prominent power (force x speed) potential
owing to muscle-tendon interaction (Kawakami, et
al., 2002).

Kawakami, et al. (1993, 2000a) measured
pennation angles of the triceps brachii muscle in vivo
using ultrasonography for subjects including normal
individuals and highly-trained bodybuilders. The
pennation angles were within the range of 5° and
55°, which were smaller and much greater than the
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Figure 1 Series cross-sectional MRI images of the upper
arm (from top left to bottom right; distal to proximal) before
(upper panel) and after (lower panel) strength training of
elbow flexor muscle for 16 weeks. The series anatomical
cross-sectional areas before (O) and after (@) training are
also shown (bottom trace) (Kawakami et al., 1995). In each
image, triceps brachii muscles are seen in the lower half of

the upper arm.

published data on human cadavers (Yamaguchi, et
al., 1990). They further investigated the relationship
between pennation angles and muscle thickness, and
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Figure 2 he relationship between pennation angles and
muscle thickness (normalized by the upper arm length)
(Kawakami et al., 2000a). The subjects were 637 women and
men including (normal individuals OR non athletes?) and
highly-trained bodybuilders.

found a significant correlation (Figare 2), which
provided experimental evidence of the contention
in previous studies that muscle hypertrophy
accompanies an increase in pennation angles (Jones
and Rutherford, 1987; Maxwell, et al., 1974; Narici,
et al., 1989). It was further confirmed, through a
longitudinal study, that hypertrophy by strength
training was actually accompanied by an average
increase in pennation angles in the triceps brachii
muscles that increased their total volume by 32%
and physiological CSA by 33% (Kawakami, et al.,
1995). Henriksson-Larsen, et al., (1992) failed to
find a significant correlation between pennation
angles and muscle fiber CSA in the human vastus
lateralis muscle. Rutherford and Jones (1992)
found a correlation between pennation angles and
muscle CSA of the vastus lateralis; however, they
reported no changes in pennation angles after
strength training that induced an increase in muscle
CSA by 5%. These studies suggest inter-muscle
differences in training-induced responses in fiber
architecture. However, later Aagaard, et al., (2001)
found both a correlation between pennation angles
and muscle volume and an increase in pennation
angle after a strength training of the vastus lateralis
muscle that increased muscle CSA and volume by
10%. It appears, therefore, that the differences in the
tendency between the studies are simply due to the
magnitude of the muscle hypertrophy resulting from
training, and that the increase in pennation angles is
a general outcome of hypertrophied pennate muscles
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Figure 3 A model of muscle fiber architectural change as a result of hypertrophy (Kawakami, 2002). Left,
pre-training, right, post-training. a: cross-sectional area of a muscle fiber, a: pennation angle, 2: muscle fiber
length, S: the area of aponeuroses occupied by the muscle fiber, 4: distance between aponeuroses

(Figure 3) (Kawakami, et al., 2002). This change
appears to be independent of gender difference
(Ichinose, et al., 1998). Clearly, such a change
might cause a different time-course of changes in
anatomical and physiological CSA’s (Klein, et al.,
2001).

2.3. Mauscle fiber length

Among architectural parameters of the skeletal
muscle, fiber length are particularly important
because the force exerted by muscle fiber is
determined by its length (force-length relationship)
(Gans, 1982). Long fibers can shorten at faster
speed than short fibers, so that fiber length affects the
force-velocity relationship as well (Kawakami and
Fukunaga, in press). In the present study, we regard
fiber and fascicle lengths as identical, which has been
- shown in pennate muscles with short fibers such as
the triceps surae (Kawakami, et al., 2000b).

There is some evidence from animal studies
concerning the plasticity of muscle fiber length.
Immobilization of quail muscle in a stretched
and loaded condition increased both CSA and the
length of muscle fibers (Alway. et al., 1989), unlike
normal atrophic responses of immobilized muscles
(Herbert and Balnave, 1993). The increase in muscle
fiber length is due to the newly formed series of
sarcomeres at both ends of the fiber (Garrett, et
al., 1988). Similarly, running training in rats with
eccentric loads to the thigh muscle resulted in an
increase in the number of serial sarcomeres (Lynn
and Morgan, 1994). They attributed this result to
an inherent protection mechanism against popping
(breakage) of sarcomeres that is known to occur

by repeated eccentric contractions. A shift in the
force-length relationship to longer lengths has been
observed in humans as an acute response to eccentric
loading (Brockett, et al., 2001; Jones, et al., 1997).
These findings suggest the possibility of muscle fiber
length changes by human strength training, though no
clear data have yet been presented.

In humans, muscle fiber length has been
determined from a dissection of cadaver specimens
(Alexander and Vernon, 1975; An, et al., 1989;
Friedrich and Brand, 1990; Huijing, 1985; McComas,
1996; Wickiewicz, et al., 1983; Yamaguchi, et al.,
1990). Recently, fiber length measurement has been
carried out in vivo through imaging techniques such
as MRI (Scott, et al., 1993) and ultrasonography
(Kawakami, et al., 1995, 1998, 2000a, 2000b, 2002;
Kumagai, et al., 2000; Rutherford and Jones 1992).
By this technique, it has been possible to study the
inter- and intra-individual differences in fiber length.
The fiber lengths of the triceps surae muscles exhibit
a large variability among individuals, and they are not
comrelated with lower leg lengths (Chow, et al., 2000).
Cadaver observations have also proided variable
muscle fiber lengths among individuals (Murray.
et al., 2000). These findings suggest the question
of whether muscle fiber lengths are genetically
determined or altered after birth. Abe, et al. (2000)
found longer fascicle lengths in sprinters than in long
distance runners. Long fascicle lengths correlated
with sprint performance both in women and men
(Abe, et al., 2001; Kumagai, et al., 2000). These
findings confirm the inter-individual variability in
fascicle or muscle fiber length, suggesting once again
the possibility that fiber length is altered by specific
training, which warrants further longitudinal studies.
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Figure 4 Positive and negative effects of pennation angles (based on Alexander & Vernon, 1975). As the
pennation angle increases, the physiological cross-sectional area (PCSA) increases, but force transmission
from muscle fibers to tendon decreases. These two factors result in an overall effect.

3. Functional consequences of architectural
changes in skeletal muscle by strength
training

3.1. Force transmission from muscle fibers to
tendon

The pennation angle determines the transmission
of muscle fiber force to tendon (Gans and de Vree,
1987; Wickiewicz, et al., 1983). Alexander and
Vernon (1975) predicted from a simple planimetric
model of a pennate muscle that an increase in
pennation angle results in muscle force enhancement
by virtue of an increment in physiological CSA,
though pennation angles above 45° cause a
detrimental effect for a decrease in muscle force
(Figure 4). Previously, it was believed that changes
in fiber pennation, if any, would not be a major
determinant of changes in force generation as a result
of strength training (Jones, et al., 1989). One of the
rationales for this belief was a relatively small (~20°)
pennation angle in human cadavers (Alexander and
Vernon. 1975). However, as described above, it
is now widely accepted that muscle hypertrophy
accompanies an increase in pennation angles
reaching as much as 55° (Kawakami, et al., 1993,
2000a). Therefore, the influence of pennation
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angle increase on muscle fiber force transmission
might be substantial. Hypertrophied muscles
with large pennation angles, therefore, might have
disadvantageous force-producing capacities, as
evidenced by a decrease in specific tension.

3.2. Specific tension

Muscle strength is known to be a linear function
of size (e.g. CSA) (Gadeberg, et al., 1999; Ikai and
Fukunaga, 1968; Maughan, et al., 1983; Roy and
Edgerton 1992; Sale, et al., 1987). This is because
muscle fiber force is closely related with CSA (Close,
1972). The specific tension, i.e., muscle force
relative to physiological CSA, is fairly constant,
regardless of its fiber type compositions (Nygaard,
et al., 1983; Spector, et al.. 1980). Although there
are some studies reporting fiber-type dependence of
specific tension (e.g., Powell, et al., 1984), it has been
pointed out that the variation in the specific tension
between different fiber types is due to methodological
errors in assessing fiber CSA (Eldred, et al., 1993).

The predictability of muscle force generating
capability from muscle size, however, is questioned
since it has been shown both in animals and in
humans that there are training-induced changes in
specific tension. Apart from possible changes in
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neural activation or drive to muscle force generation
(Aagaard, et al. 2000: Jones and Rutherford, 1987;
Ploutz, et al 1994; Sale, 1988; Kitai and Sale,
1989; Sale and MacDougall 1981) and biochemical
malfunction in hypertrophied muscles (Kandarian
and Williams, 1993), recent studies have shown
that strength training alters muscle architecture as
described above, which could affect the linearity in
the relationship between muscle size and strength.
As described above, an increase in pennation angles
can lead to a muscle force deficit due to a reduced
muscle fiber force being transmitted to tendon. In
other words, the disadvantageous effect of pennation
(less efficient force transmission from muscle fibers
to tendon) may be further amplified after strength
training. This might explain the large deviation of
reported specific tensions in human muscles (An,
et al., 1989; Ikai and Fukunaga, 1968; Kawakami,
et al., 1994; Narici, et al., 1989). Maughan, et al.
(1983) demonstrated an inverse relationship between
muscle CSA and the ratio of muscle strength to
muscle CSA and suggested that in larger muscles
pennation angles might be greater, resulting in a
smaller strength-to-CSA ratio. Ikegawa, et al. (1994)
and Kawakami, et al. (1995) have shown that this can
actually be the case.

4. Future perspectives

It is now clear that muscle architecture changes
through strength training, with the changes being
sometimes well beyond previous expectations.
The importance of muscle architecture in muscle
functions, therefore, cannot be overemphasized, and
studies on training (and detraining) responses should
thus take into consideration architectural changes in
the muscles involved. Before concluding the present
review, I will summarize recently emerging ideas
that should also be taken into account in discussions
of muscle architecture in humans and some future

perspectives.

4.1. Intra-muscle differences in muscle
architectare

Muscle fiber length, pennation angles and other
architectural parameters are often studied at a certain
position within a muscle (e.g., at muscle belly)
(Aagaard, et al., 2001; Abe, et al., 2000; Fukunaga, et
al., 1997; Kawakami, et al., 1993). However, there

might be architectural variability within a muscle. In
this regard, previous studies are not in agreement,,
with some studies on human cadaver specimens
showing fiber length variability (Huijing, 1985;
Scott, et al., 1993) and others reporting identical
muscle fiber length throughout muscle (Friedrich
and Brand, 1990; Scott, et al., 1993; Wickiewicz,
et al., 1983). Kawakami, et al., (2000a) studied
intramuscular variation in fascicle arrangement of
the human gastrocnemius muscle in vivo. They
reported fairly uniform muscle fiber lengths both at
rest and during isometric contraction at 50% of the
maximal level. The magnitude of shortening of fibers
upon contraction (30 - 34 %) was identical. On the
other hand, pennation angles differed significantly at
different positions.

Muscle fibers are arranged in a three-dimensional
space (Lam, et al., 1991; Otten, 1988; Scott, et
al., 1993). Because of this, the possibility of
misevaluation of muscle fiber length and pennation
angles exists. A recent study revealed a potential
source of error in determining pennation angles
and muscle fiber lengths (Kurihara, et al., 2005).
If there is deviation between the plane of the
ultrasound image and that of fibers, fiber lengths
are underestimated and pennation angles are
overestimated (Kurihara, et al., 2005). This error can
be avoided by assuring a proper plane that is parallel
to fibers and perpendicular to the aponeuroses
onto which fibers are attached, but it is not always
possible with the conventional two-dimensional
ultrasonography. Thus, for accurate evaluation
of architectural parameters, the three-dimensional
imaging technique (¢.g.. 3D-ultrasonogaphy) should
be used. In addition. a recent study has shown
inhomogenous activity within a muscle (Kinugasa,
et al., 2005), which may also alter internal fiber
architecture if such activity persists throughout
training. Future training studies will reveal changes
in three-dimensional fiber architecture as a result of
strength training.

4.2. Changes in muscle architecture upon
contraction

Because pennate muscles have long tendinous
tissues, there is a large amount of muscle-tendon
interaction, and muscle fibers shorten even during
isometric contractions. This internal fiber shortening
results in an increase in pennation angles which
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Figure § Ultrasonic image of the gastrocnemius muscle at
rest (top) and during maximal isometric contraction (bottom).
One fascicle is highlighted by a straight line. Left, distal,
right, proximal.

reaches up to 70° in the medial gastrocnemius during
maximal contraction even in non athletes (Kawakami,
etal., 1998, Figure 5). Thus, the effect of pennation
angles on muscle force production, and the functional
impact of their increase, may be much greater than
previously thought. The magnitude of muscle-tendon
interaction varies among individuals (Kawakami
and Fukunaga, in press), and it changes as a result
of strength training (Kubo, et al., 2002). Therefore,
even if there is no apparent architectural change afier
training in a resting muscle, there is high probability
for altered pennation angles and muscle fiber lengths
during contraction, which should be tested in future
studies.
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The purpose of this study was to investigate the effects of passive ankle and knee joint
motions on the length of fascicle and tendon of the gastrocnemius muscle. The ankle joint
was passively moved from maximal dorsiflexed position to maximal plantar flexed position,
while the knee joint was fixed at 0°(fully extended position). Also, the knee joint was passively
extended from 90° to 0°, while the ankle joint was fixed at 0°(neutral position). In each
test condition, lengths of fascicle and external tendon of the medial gastrocnemius were
measured by ultrasonography. The length of external tendon was significantly changed by
the ankle joint motion, but net by the knee joint motion. This demonstrates that the length
of the external tendon distal to the muscle belly is influenced only by the angle changes of the
joint distal to the gastrocnemius muscle. The change in fascicle length during the knee joint
motion was significantly larger than during the ankle joint motion in spite of a similar length
change of total muscle-tendon complex between the two motions. This demonstrates that
fascicles located proximally to the external tendon are more influenced by the angle changes
of the joint proximal to the gastrocnemius muscle. These results reveal that angle changes
of each joint located in the proximal and distal parts of a biarticular muscle have different
effects on the length of fascicle and external tendon.

Keywords: fascicle, external tendon, knee joint, ankle joint, medial gastrocnemius muscle

[International Journal of Sport and Health Science Vol.3, 75-82, 2005]

1. Introduction

The length of muscle is a determinant of its force
producing potential (Gordon, et al., 1966). Furthermore,
the changes in the tendon length affect the latency
of stretch reflex (Fellows & Thilmann 1989) and the
contractile capability of muscle (Hof, et al., 1983,
Herbert, et al., 2002). Therefore, it is quite important to
focus on the length changes of both muscle and tendon
for considering the function of the muscle-tendon
complex (MTC) in human movements.

Passive joint motions without muscle contraction
change the length of MTC (Stolov & Weilepp 1966,
Grieve, et al., 1978). Indeed, previdus studies have
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quantified the length changes of each tissue within
MTC such as muscle fascicles (Herbert, et al., 2002) or
external tendon (Muraoka, et al., 2002) in the medial
gastrocnemius muscle (MG), and examined how the
change in joint angle affects the tissue lengths. In the
case of a biarticular muscle, however, the morphological
characteristics of tendon differ between proximal and
distal parts, i.e. the tendon of the biarticular muscle
may attach to the tendon of an adjacent monoarticular
muscle. For example, the distal external tendon of
the MG attaches to the tendon of the solens muscle
(Bojsen-Moler, et al., 2004). In such a case, it is
speculated that the effects of joint motions on the length
of fascicle or external tendon differ between the proximal
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and distal joints.

Previous studies, which used animals (Ettema 1997,
Huijing & Baan 2003) or human cadavers (Grieve, et
al., 1978, Visser, et al., 1990, Spoor, et al., 1990), have
tried to investigate the length change in MTC when
each of proximal and distal joint angles is passively
changed. However, these studies have examined only
the change of MTC and have not determined the change
in such tissues as muscle or tendon. In contrast, Mai &
Lieber (1990) has shown the relationship between joint
angle and sarcomere length in respect to each proximal
and distal joint in frogs. In addition, Kawakami et al.
(1998) and Herbert et al. (2002) have measured fascicle
length by changing each proximal and distal joint angle
on humans ir vive. However, the moment arm of the
joint located proximal to biarticular muscle is not always
equal to the one located distal 1o it. Therefore, it is
necessary to determine the length changes of each tissue
relative to a given MTC length in order to compare the
influence of both proximal and distal joint motions on
the tissues. Such comparison has never been tried so
far. The investigation on the length changes of fascicle
and external tendon during each of proximal and distal
joint motions will clarify the difference in the influence
of each joint motion on the function of MTC, and give
further knowledge concerning the characteristics of
biarticular muscles. The present study aimed to compare
the effects of passive ankle and knee joint motions on the
length of the fascicle and external tendon in human MG.

2. Methods
2.1. Subjects

Seven healthy men voluntarily participated in the
present study. The means + standard deviations (SDs)
of their age, height and weight were 24 4 + 2.0 years,
170.3 £ 4.5 cm and 66.7 + 6.0 kg, respectively. All
subjects had no disability in their right leg. The purpose
and method of this study and the risk involved in
implementing experiments were explained in detail to all
the participants. Written informed consent was obtained
from each subject before the experiments.

76

2.2. Experiment protocol

The subjects lay prone on a test bench and performed
maximal voluntary contraction (MVC) of each of the
plantar flexion and dorsiflexion. The right foot of the
subject was strapped at the attachment of a dynamometer
{Model VEL-016, VINE, Japan) with the ankle joint
angle at 0° (neutral position: the sole of the foot and the
tibia at an angle of 90°, negative values for dorsifiexion
and positive values for plantar flexion). The rotation
axis of the ankle joint was aligned with that of the
dynamometer. Knee joint angle was at 0° (fully extended
position). After a warm-up exercise with submaximal
contractions, the subjects were encouraged to exert
MVC in isometric plantar flexion and dorsifiexion. They
performed two maximal trials for each action with a rest
of more than one minute between each trial. The trial
with the larger torque was used for further analysis.

The subjects also lay in a prone position during
passive ankle joint motion (AJ) (Figure 1A). The
ankle joint of the subject was passively changed by the
dynamometer from maximally dorsiflexed to plantar
flexed position. Angular velocity was set to keep below
5°/s, because it has been verified that stretch reflex is
not provoked when the angular velocity is below 5°/s
(Hufschmidt & Mauritz 1985, Nicol & Komi 1999). Each
subject was instructed to relax the leg muscles completely
during the measurement.

In the measurements of passive knee joint motion
(KI), the subject was asked to take a kneeling position
on the test bench (Figure 1B). The ankle was fixed to
the attachment of the dynamometer at 0°. The subject
was instructed to extend the knee joints slowly from the

Figure 1l Schematic drawings of the passive ankle joint motion
{A) and the passive knee joint motion (B). A: The ankle joint
‘was passively moved from maximal dorsiflexed position (left) to
maximal plantar flexed position{night). B: The subjects slowly
extended their knee joints from 90°(left) to 0%(night). The knee
joint angle measured by a goniometer was visually fed back to the
subjects nsing a monitor which was placed in front of them.
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knees at more than 90° to 0°. In KJ, the knee joint angles
measured with a goniometer (8G150, Biometrics, UK)
were fed back visually to the subject by a monitor set
in front of him (Figure 1B). With this feedback, each
subject could extend his knee joints so as not to exceed
the angular velocity of more than 5°/s. Moreover, the
subjects were instructed to extend the knee joints using
the hip joint and arms, with leg muscles completely
relaxed. In our preliminary experiment, we ascertained
that fixing the probe of an ultrasound apparatus was
difficnlt in the sitting posture. To avoid sliding of the
probe during KJ, therefore, the present study employed
the posture as shown in Figure 1B.

2.3. Data acquisition

Displacement of the muscle tendon junction (MTJ),
fascicle length and pennation angle of MG in AJ and
KJ were measured using a B-mode ultrasonic apparatus
(SSD-6500, Aloka, Japan). An electronic linear array
probe (UST-5712, 10 MHz wave frequency, Aloka,
Japan) was placed on the muscle belly and MTJ along
the longitudinal direction of the MG. Echo jelly was
applied on the surface of the probe. When the probe
was attached on MTJ, a water bag (MP-2463, Aloka,
Japan) was placed under the probe in consideration of the
irregularity of the skin. In addition, a marker was placed
between the water bag and the skin and fixed on the skin.
The probe was fixed on the skin using surgical tape until
both AJ and KJ were finished. Ultrasonic images were
recorded on videotape (S-VHS) at 30 Hz via a video
timer (VTG-55, FOR-A, Japan) for synchronizing.

The Ultrasonic images were digitally converted using
a media converter (ADVC-500, Canopus, Japan) and
scanned in a computer. An image processing program
(Image J, National Institute of Health, USA) was used for
measuring MTJ excursion, fascicle length and pennation
angle. The analysis was conducted at every 1° of the
angle change in the ankle and knee joints in AJ and KJ,
respectively. The MTJ was determined as the intersection
point of the most distal fascicle and deep aponeurosis
(Figure 2A). The MTJ excursion was defined as the
horizontal displacement of MTJ relative to the marker.
The fascicle length was measured as the distance from
the intersection points of fascicle and two aponeuroses
{(Figure 2B). The pennation angle was determined as the
angle between fascicle and deep aponeurosis (Figure 2B).
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1mm

10mm

Figure 2 Ultrasonographic images of the MTJ (A) and the
muscle belly (B). A: The coordinate of MTJ was determined
as the intersection of the most distal fascicle and the deep
aponeurosis. B: Fascicle length was determined as the length
between the cross-points of fascicle and aponeuroses. Pennation
angle was defined as the angle between the line of fascicle and

deep aponeurosis.

The accuracy of each measurement on MTJ excursion,
the fascicle length and the pennation angle using
ultrasonic images has been verified by Muramatsu et al.
(2001) and Fukunaga ¢t al. (1997).

Bipolar surface EMGs were recorded from MG,
lateral gastrocnemius, soleus and tibialis anterior
muscles. Disposable electrodes (Blue Sensor, Ambu A/S,
Denmark, sensor: Ag/AgCl, sensor area: 13.2 mm?) were
placed at the belly of each muscle with an inter-electrode
distance of 20 mm after the skin’s resistance was
alleviated. The reference electrode was placed at the
medial malleolus of the left foot. The EMG signals
were amplified (input impedance >10 MQ, common
mode rejection ratio >54 dB, signal to noise ratio <6
Vrms, time constant: 0.03 s, hi-cut filter: off) with a
multi telemeter system (WEB-5000, NITHON KOHDEN,
Japan).

Goniometers were used to measure the angles of
ankle (SG110/A, Biometrics, UK) and knee (8G150,
Biometrics, UK) joints. The joint angles and EMG
signals were digitally converted using an A/D converter
{(PowerLab/168P, AD Instruments, Australia), and
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transferred to a computer at 1 kHz sampling frequency.
2.4. Data processing

The MTC length change (ALyrc) of MG was
calculated from the ankle and knee joint angles and leg
length (the knee joint center-the ankle joint center) of
cach subject (Grieve, ct al., 1978). The joint angles were
processed with a Butterworth-type low-pass filter of
fourth order (cutoff frequency: 20 Hz).

In the present study, the distal external tendon of
MG was defined as the part from MTJ to the end of the
Achilles’ tendon. The length change of the distal external
tendon (ALgr) during AJ was calculated as the difference
between the excursion of the end of Achilles’ tendon
and MTJ excursion measured with the ultrasonography
(Muraoka, et al., 2002). The excursion of the end of
Achilles’ tendon was regarded as identical to ALyre
in AJ. In KJ, the end of Achilles’ tendon excursion was
rarely observed (the change in ankle joint: 0.1 & 1.2°, the
excursion of end of Achilles’ tendon : 0.1 = 1.0 mm),
because the ankle joint was fixed. Therefore, ALgr
during KJ was determined by defining the proximal
excursion of MTJ as lengthening and the distal excursion
of MTJ as shortening. In consideration of the change
in pennation angle, fascicle length change (ALp) was
calculated by the formula shown below.

ALg= Ly * cosu- Ly * costy

Ly fascicle length, a: pennation angle, Lg,: fascicle
length with ankle and knee joints at 0°, o, pennation
angle with ankle and knee joints at 0°

ALgr and ALg were calculated every 5 mm of ALy on
the basis of ankle and knee joint angles at 0°.

EMG data were full wave rectified. In MVC test, the
mean amplitude of EMG was calculated during 500 ms
when the exerted torque reached a steady state. In AJ
and KJ, the mean amplitude was calculated every 500 ms
and standardized by the value in MVC test.

2.5. Statistical analysis

Descriptive data are presented as the means + SDs. A
two-way analysis of variance (ANOVA) with repeated
measures [2 x 6, test condition (AJ, KJ) x ALyye (<25,
-20, -15, -10, -5, 0 mm)}] was used to test the effects
of the test condition and ALyre. When the interaction
between the two factors was significant, a one-way

ANOVA was conducted on every group categorized
by the two factors. When F value was significant as
a result of one-way ANOVA, a multiple comparison
test (Bonferroni) was used to test the significance of
difference between average values. Statistical analysis
software (SPSS 12.0J, SPSS Japan, Japan) was used for
all analyses mentioned above. Statistical sipnificance was
set at p <0.05.

3. Results

The angles of the ankle joint in AJ ranged from -9° to
35°. The angular velocity of the knee joint in KJ ranged
between 1.6°/s and 4.2°/s. The EMG activities of MG
in AJ and KJ were 0.4 + 0.6% and 1.7 £+ 1.7% at most,
respectively.

In AJ, MTJ moved to distal (4.1 = 1.1 mm) during the
dorsiflexion and moved to proximal (-17.5 £+ 1.9 mm)
during the plantar flexion, compared to the basic position
with both ankle and knee joint angles at 0° (Figure 3,
left). In contrast, MTJ excursion in KJ was negligible (-0.2
+ 1.3 mum}) (Figure 3, right). The plantar flexion from -9°
to 35° shortened the fascicle from 66.5 + 5.9 mm to 44.6
+ 4.7 mm, and increased the pennation angle from 18.6
+1.7° t0 26.1 + 1.5°. The knee extension from 90° to 0°
lengthened the fascicle from 394 +4.5mmt0 61.7+4.6
mm and decreased the pennation angle from 24.0 + 2.3°
t020.2+2.0° '

Figure 4 shows the relationship between ALgy and A
Lure. Two-way ANOVA indicated that the two main
factors, test condition and ALy, were statistically
significant. In addition, since significant interaction
{(p < 0.01) was also observed between the two factors,
one-way ANOVA was performed on every group and
a multi comparison test was conducted. As a result, A
Ler in A was significantly lower when ALy ranged
from -25 to -5 mm compared to the value when ALyyc
was 0 mm. However, ALgy at every ALyye in KJ did
not significantly differ from the value when ALyqc was 0
mm. Significant differences in ALgy were found between
AJ and KT when ALy was -25, -20, -15 and -10 mm.

Figure 5 shows the relationship between ALy and A
Lyrc- As aresult of the two-way ANOVA, the effects
of the test condition and ALyyc were significant (p <
0.01). Since significant interaction (p < 0.01) was also
observed between the two factors, one-way ANOVA was
performed on every group and a multi comparison test
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was conducted. The result showed that ALy values during
both AJ and KJ when ALjye ranged from -25 to -5 mm
were significantly lower than that when ALy was 0
mm. The differences in ALy between AJ and KJ were
significant when ALy were -25, 20, -15 and -10 mm.

1w T T

—_ H
E i
i
& PN
o T
g ar TR0 Ty
~ 11 !
g 16 b ¢ " ! 4
= ¢ 1 '
E Tt i
i
® (]
f 20 L H J
? H
5 E oAl
«30 4 1 i ‘KJ
~30 ~243 i & 10
Change in MYC length {man)

Figure 4 Relationship between length change of MTC and
that of external tendon. The length of external tendon was
significantly changed by the ankle joint motion, but not by the
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4. Discussion

The main findings of this study were 1) the external
tendon length of MG changed in AJ, but not in KJ
(Figure 4), and 2) ALf at a given ALy differed
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Figure 5 Relationship between length change of MTC and
that of fascicle. Length change of fascicle during KJ was
significantly greater than during AJ. *Significant differences
between AJand K1, *: P <0.05, **: P<0.01. {Significantly
different from the value at ALyrc G mm. $: P <005, {1 P<
0.01
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Figure 6 Planimetric models of the muscle-tendon complex in knee
flexed position (A), ankle and knee angle at 0°(B}, and in the plantar
flexed position (C). Length of the external tendon located distally to the
fascicles is influenced only by the angle change of the joint distal to the
gastrocnemins muscle. Length of the fascicles located proximally to the
external tendon is more influenced by the angle change of the joint proximal

to the gastrocnemius muscle.

between AT and KIJ (Figure 5).

The present study aimed to investigate the behavior of
MTC during passive joint motions. Before interpreting
the results obtained here, we should comment on whether
the measurement during KJ was actually taken under
passive condition, because the subjects extended the knee
joint by themselves using the trunk and thigh. While
the subjects performed KJ, they were informed about
the knee joint angle by visual feedback and instructed
to maintain the change bellow 5°/s. As a result, they
could extend the knee joint slowly without EMG activity
of MG. Therefore, the KJ procedure employed in this
study could successfully change the MTC length of MG
passively.

MTC can be expressed in a planimetric model (Huijing
& Woitticz 1984, 1985). However, MG becomes a
biased model because fascicle is located at proximal
within the MTC, and the longer external tendon at distal.
Using this model, a schematic view of the present result
(Figure 4, 5) is shown as Figure 6. In Figure 6, external
tendon and aponeurosis are expressed serially parallel,
because other muscles and bones adjoin to them in vivo
(Kawakami, ¢t al., 1998). “A’ stands for the MTC at the
knee flexed position, ‘B’ for the MTC with ankle and
knee joint angles at 0° and *C’ for the MTC at the ankle
plantar flexed position. As shown in this figure, although

80

the length change of MTC induced by the changes in
proximal (knee) joint angle (A-B) is identical with that
induced by the changes in distal {ankle} joint angle
{B-C), the lengths of the external tendon and fascicle
are different between A and C. This means that the
fascicle at proximal is strongly affected by the changes
in proximal joint angles, whereas the external tendon at
distal is greatly influenced by the changes in distal joint
ones. It was reported that the length change is more
apparent in fascicle than in tendon when the MTC length
is passively changed (Stolov & Weilepp 1966, Hawkins
& Bey 1997). However, the present results indicate that,
at least in MG, not only the difference in the magnitude
of passive extension between muscle and tendon, but also
the difference in the joint to move, i.¢. proximal or distal,
is an important factor affecting the length changes in the
fascicle and external tendon.

The difference in ALgrand ALgbetween AJ and KJ
can be explained by the fact that the distal external
tendon of MG attaches to the tendinous tissue
(external tendon and aponeurosis) of the soleus muscle
(Bojsen-Moller, et al., 2004). The soleus muscle is
monoarticular muscle which crosses only the ankle
joint and its architecture is not changed by the rotation
of the knee joint (Kawakami, et al., 1998). Hence, it is
reasonable to assume that the tendinous tissue length of
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the soleus did not change in KJ, and therefore the length
of distal external tendon of MG was not altered by KJ,
because it depends on the rigidity of the tendinous tissue
of the soleus muscle in passive joint motions. On the
other hand, the fascicle, whose passive extension level
was greater than that of the tendon (external tendon), was
mainly lengthened in KI.

Furthermore, the viscosity of MTC may also affect
the length changes in extemal tendon and fascicle. Inthe
present study, we analyzed the shortening phase of MTC in
AJ and the lengthening phase in KJ (Figure 1). However,
there is a possibility that the changes in MTC would not
always the same between the shortening and lengthening
phases, because MTC is characteristically viscous
(Lieber, etal., 2000). If so, this might be a reason for the
difference in ALgy and ALy between A¥ and KJ (Figure
4 and 5). Moreover, since the moment arm of ankle is
different from that of knee in MG (Grieve, et al., 1978),
the velocity of the MTC would not be identical between
AJ and KJ even when the angular velocity was almost the
same "below 5°/s". Hence, it seems that the difference
in the velocity of MTC also affected the present results
(Figure 4 and 5), because the influence of viscosity
depends on the velocity of the length change. However,
the velocity of MTC was extremely low, 0.9+ 0.1 %/s
inAJand 0.2+ 0.1 %/s in KJ. 1t has been shown that
the velocity of MTC (Heerkens, et al., 1987, Syme
1990) and tendon (Herrick, et al., 1978, Ker 1981) in
the locomotion have a small influence on their viscosity.
Therefore, the influences of differences in analyzed
phases and in the velocities of MTC on ALgy and ALg
would be negligible.

The gastrocnemius muscle has a role to transfer the
power exerted by the knee extensor muscles to the
plantar fiexion of ankle joint during the multi-joint
movements of the lower extremity (Gregoire, et al,,
1984, van Ingen Schenau, et al., 1987). In this case, it
is essential for pastrocnemius MTC to be taut, not slack
(van Ingen Schenau, et al., 1990). In the present result,
the length of distal external tendon of MG less changed
when the knee joint angle was changed with the ankle joint
at 0° (Figure 4). Given that the external tendon of MG
is taut with both ankle and knee joints at 0° (Muraoka,
et al., 2004), it would maintain the taut state with ankle
Joint at 0° regardless of the changes in the knee joint
angles. Furthermore it is likely that the whole tendinous
tissue of MG, including the proximal tendinous tissue,
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Effects of joint motions on biarticular muscle

never changed in the length and was taut during KJ,
because ALy was almost identical with ALyqyc (Figure 5).
The reasons why the length of tendinous tissue other than
the distal external tendon did not change are unknown,
but may be attributed to the following two factors: 1) the
absolute length change would be small in the proximal
external tendon because of its shortness compared to
the distal external tendon, and 2) the length change in
aponeurosis is smaller than that in external tendon during
passive joint motions (Muraoka, et al., 2002). In either
case, we can say that MG tendinous tissue maintains
the taut state regardless of the knee joint angles and
effectively transfers the power of the knee extension to
the plantar flexion.

In summary, the present findings showed that the
length changes in external tendon and fascicle relative to
a given MTC length differed between the ankle and knee
Jjoint motions. This difference may be caused by the fact
that the external tendon of MG attaches to the tendinous
tissue of soleus muscle. The length changes in external
tendon and fascicle induced by joint angle changes may
be suitable for the function of MG as biarticular muscle
to transfer the power of the knee extension to the plantar
flexion.
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The fascicle lengths of the human gastrocnemius muscle during isometric plantar flexions
were analyzed using a three-dimensional ultrasound system (3D-US). Prior to measurements
in vivo, the accuracy and reproducibility of the 3D-US were examined by taking images
of a phantom. The horizontal errors were 0.3 - 1.0%, and the vertical errors were 1.2 -
1.6%. In addition, the coefficients of variance for the repeated measurements were 3.3%
and 1.7% for horizontal and vertical directions, respectively. Second, both at rest and
each of five intensities {20,40,60,80,100% of maximum voluntary contraction (MVC)},
at a fixed ankle joint angle of 90deg, the 3D-US images of gastrocnemius muscles were
obtained and used to determine fascicle length. The fascicle length was also measured using
two-dimensional ultrasound system (2D-US), and the values obtained by 2D-US were used to
make comparisons with those by 3D-US. From rest to MVC, the fascicle length decreased as
a function of relative torque levels from 6.0 (= 0.5) cm to 3.1 (= 0.4) cm with 3D-US, and, in
a similar manner, from 5.6 (& 0.5) cm to 3.0 (+ 0.4) cm with 2D-US. Thus the present study
indicated the accuracy and reproducibility of the 3D-US measurements and its usefulness for
determining the fascicle lengths of human muscles in three-dimensional space. The fascicle
length measurements determined by 3D-US were, however, significantly longer than those of
2D-US. :

Keywords: ultrasonography, fascicle length, contraction-induced changes, isometric contractions

[International Jouraal of Sport and Health Science Vol.3, 226-234, 2005]

1. Introduction

Mauscle architecture is a primary determinant of
muscle function [Lieber and Friden (2000)]. It has
been shown in humans as well as in animals that
muscle architecture changes during contractions
even in isometric actions [Fukunaga, et al.. (1997);
Huijing, et al.. (1989); Zuurbier and Huijing (1993)].
According to the previous findings on this subject,
the length of fascicles of muscle fibers (fascicle
length) shortens and the angle of fascicles (pennation
angle) increases as contraction intensity increases
[Fukunaga, et al., (1997); Kawakami, et al., (1998,
2000); Maganaris, et al., (1998): Narici, et al.,
(1996)].

In human skeletal muscles, the measurements
of architecture have been conducted by magnetic
resonance imaging (MRI) or two-dimensional
ultrasonography (2D-US). These methods are
non-invasive, and useful for observing muscles both
at rest and during contractions. However, these
methods have a disadvantage when understanding
the three-dimensional muscle architecture, because
in principle they are based on planar imaging
technique. Within a muscle, fibers are arranged in a
three-dimensional space [Agur, et al., (2003); Lam, et
al., (1991); Muramatsu, et al., (2002); Otten (1988);
Savelberg,. et al., (2001); Van Leeuwen and Spoor
(1992)]. Agur et al. (2003) showed that most of the
muscle fibers within a human cadaver soleus muscle
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Electromagnetic position sensor
(Static reference and attached sensor)

Figuore 1 An ultrasonic probe with an electromagnetic
position sensor attached and an electromagnetic static
reference sensor.

were curved and arranged obliquely. As for the
curvature, Muramatsu et al. (2002) reported that the
fascicle curvature existed in human gastrocnemius
muscle and changed by both contraction levels
and fascicle length. While, Savelberg et al.
(2001) indicated that, for the rat plantaris muscle,
contraction induced an asymmetrical displacement
of the fibers in a direction perpendicular to their
longitudinal axis, resulting in a helical deformation
of the whole muscle. It is reasonable to suppose
that those three-dimensional internal arrangements
and curvatures of muscle fascicles exist and
contraction-induced spatial movements occur off a
simple planer image in human skeletal muscles as
well.

A few attempts have been carried out to measure
three-dimensional muscle architecture using MRI
[Scott, et al., (1993)] or 2D-US [Kawakami, et al.,
(2000)]. However, these approaches were only
applied to relaxed muscle, not to contracted muscle.
Three-dimensional ultrasound system (3D-US)
employs multiple images of two-dimensional
brightness mode (B-mode) ultrasonography together
with the three-dimensional coordinates of cach image
to reconstruct the three-dimensional shape of an
object [Fry, et al., (2003): Hiblar, et al., (2003)]. This
method enables to measure three-dimensional muscle
architecture both at rest and during contractions. By
the use of the 3D-US, Fry et al. (2003) succeeded
in three-dimensional reconstructions of human
skeletal muscle, and suggested that the architecture

and morphology of the muscles are visible within
these images. However, they measured only the
muscle belly length of gastrocnemius in a relaxed
situation. Hiblar et al. (2003) used 3D-US to
measure the fascicle orientation (i.e. pennation
angle) of human tibialis anterior muscle. It was
the first case for determining muscle architecture
during contraction using 3D-US. In their results,
however, there were considerable variations in the
measurements (coefficients of variation are 30-40%).
Hence, whether 3D-US is useful for determining
contraction-induced changes in muscle architecture
remains a question.

The present study aimed to ascertain the usefulness
of 3D-US in order to measure the three-dimensional
muscle architecture. For this purpose, we first
constructed the images of an object with a known
shape by using 3D-US and confirmed the reliability
of the measurements by estimating the errors and
the coefficients of variation of the measurements.
Then, we determined the fascicle length of human
medial gastrocnemius muscle, as indices of muscle
architecture, during relaxed and contracted conditions
at various intensities, and compared them with the
values obtained by 2D-US.

2. Materials and Methods

2.1. Confirming the accuracy and reproducibility
of 3D-US

In the present study. we employed a 3D-US
(USE-1200, Nihon-Kohden, Japan) with an
clectromagnetic position sensor attached to the
ultrasonic transducer (Figure 1). This system
included a B-mode ultrasonic machine (SSD-5500,
Aloka, Japan; with a 7.5MHz linear array probe)
that provided real-time, two-dimensional images
at a rate of 30 images/s. During the scanning, the
probe was moved by a well-trained tester in an
appropriate direction. The velocity of the probe
movement is associated with the quality of the image.
Therefore, the tester gave full attention to maintain
the continuity and constant speed of the movement.
Transverse serial images were retrieved as composite
video signals from the ultrasonic machine and stored
in a computer simultaneously with the positional
information provided by the electromagnetic
position sensor (also recorded at 30 Hz). From
them, three-dimensional ultrasound images were
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Figure 2 Left, An ultrasound image of the echoes of thin piano strings in an acrylic water
tank. Right, Schematic diagram of the image, circle: echoes of thin piano strings. A: horizontat
measurements, superficial level (closer to the ultrasound probe), B: horizontal measure,
deep level (further from the probe), C: vertical measurements, superficial level, D: vertical

measurements, deep level.

reconstructed using a software (Tomtec3D, Tomtec,
Germany).

The accuracy and reproducibility of the 3D-US
measurements were confirmed by imaging a
phantom, an acrylic water tank (37 x 15 x 25D c¢m)
with tensed thin piano strings at a known interval
(1cm). The horizontal and vertical distances
measured by choosing two echoes of piano strings
in the reconstructed images as shown in Figure
2. Horizontal distances were measured both at the
superficial level (A) and the deep level (B). The
superficial level was closer to the ultrasound probe,
and the deep level was further from the probe by
3 cm below the superficial level. The vertical
measurements were both at the superficial level (C)
and at the deep level (D). The errors of the distance
measurement in the reconstructed image were
calculated with the following equation,

Error (%) = {|measured value — actual value] /

actual value} x100.

The reconstructed three-dimensional ultrasound
images of 20 trials were used for horizontal and
vertical distance measurements. These measurements
were repeated at least 2 times for each reconstructed
image.

2.2. In vive measurements

Four healthy men (27.8 + 2.2 yrs, mean + $.D.)
volunteered for the measurements. Their means and
standard deviations (S.D.s) of height and body mass
were 174.5 £ 5.5 cm and 66.0 + 8.2 kg, respectively.
The study took approval of the ethics committee
of the University of Tokyo. Informed consent was
obtained from each subject before the study began.

The subject lay prone on the examining table
and his right foot was firmly attached to an electric
dynamometer (Myolet, Asics, Japan). The subject’s
posterior leg was coated with transmission gel to obtain
acoustic coupling. The ankle joint was fixed at 90 deg,
and the knee joint was positioned at 0 deg (full extension).
During the ultrasound data acquisition, the subjects
were asked to relax (relaxed condition) or to maintain
isometric plantar flexions (active conditions) at
different contraction intensities, and the probe was
moved by the tester along the longitudinal axis of
the muscle belly from the calcaneus to the knee cleft
just proximal to the femoral condyles. Transverse
serial images of the muscle were retrieved from
the ultrasonic machine and stored in a computer
simultaneously with the positional information.
From them, three-dimensional ultrasound images
were reconstructed (Figure 3a).

Internationat Journal of Sport and Health Science Vol.3, 226-234, 2005 228

http/Awww.soc.nii ac jp/jspe3/index htm

_39_



Kurihara, T., et al.

Proximmal <

10cm
» Distal

Figure 3 (a) A typical example of a three-dimensional ultrasound image of gastrocnemius muscle. (b)
A typical example of an ultrasound image of gastrocnemius muscle. This planar image including the
longitudinal axis of the fascicle was cut from the reconstructed three-dimensional ultrasound image.

Prior to the ultrasonographic measurements under
the active conditions, the subjects were asked to
perform maximum voluntary contraction (MVC)
of plantar flexion for 5 s. Two trials were made for
cach subject, with at least 2 min intervals between
contractions. Confirming the steadiness of MVC
and the values of MVC torque, the test procedure
proceeded to the next step. After the completion
of MVC trials and a rest period of two minutes, the
subjects were instructed to perform isometric plantar
flexion up to the levels of five contraction intensities
(20, 40, 60, 80, 100 % of MVC) with a visual
feedback of the developed torque on an oscilloscope.
The duration of contraction depended on each
subject’s ability to steadily maintain the contraction
(about 5-30 s). The subjects maintained 20-30 s at 20

or 40 %MVC, and 5-10 s at 60, 80 or 100 %MVC. At
least 2 min of rest was allowed between contractions.
The echoes from interspaces of the fascicles
were visible in the 3D-US images, as observed
in conventional 2D-US images (Figure 3b). At
a position proximal 30 % of the length between
the popliteal crease and the center of the lateral
malleolus, clearly visible fascicles were identified on
each images. In the 3D-US images of this study, we
identified this position using the markers placed on
the skin that changed the brightness of echoes. We
analyzed fascicle length at this level, because this
level is where the anatomical cross-sectional area of
the gastrocnemius muscle is maximal {Fukunaga, et
al., (1992)]. In addition, it has been shown that there
was no significant difference between architectural
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Table 1 The errors and coefficients of variation of
horizontal and vertical length measurements by 3D-US

confirmed by imaging a phantom.
A B C D
Error 0.3% 1.0% 1.6% 1.2%
cv 3.2% 3.3% 1.7% 1.7%

A: horizontal measurements, superficial level (closer to the
ultrasound probe). B: horizontal measure, deep level (further
from the probe), C: vertical measurements, superficial level,
D: vertical measurements, deep level, ali the nominations
were depicted in Figure 2.

parameters of different regions and sections within a
human gastrocnemius muscle in vivo [Maganaris, et
al., (1998)].

By the use of the software (Tomtec3D, Tomtec,
Germany), the gastrocnemius muscle could be cut
at any oblique planes by rotating the 3D-US images.
For the measurement of fascicle length, 3D-US
images were rotated around the three orthogonal
axes in order to select a proper plane including the
longitudinal axis of the fascicle. The criterion of
judgment was the fascicle was clearly visible from
one end to the other. After determining the proper
plane, the fascicle length was measured along the
fascicle as the distance between its aponeurotic
attachments [Kawakami, et al., (1998); Maganaris,
et al., (1998)]. The 3D-US measurements for
fascicle length were repeated three times for each
subject/condition. We repeated the above procedures
three times to choose three fascicles near the position
of described above and mean values were used as the
trepresenting values.

The fascicle length was also measured using
2D-US for the same subjects and same conditions as
the 3D-US measurements. The values obtained by
2D-US were used to make comparisons with those by
3D-US. In the 2D-US measurements, the probe of
the ultrasonic apparatus was placed as the previous
studies {Kawakami, et al., (1998); Maganaris, et
al., (1998)]. In short, the center of the probe placed
the proximal levels 30 % of the distance between
the popliteal crease and the center of the lateral
malleolus, and its direction was parailel to the long
head of the muscle belly of the medial gastrocnemius
muscle. We analyzed fascicle length in printed
images as previously reported in Kawakami et

Use of 3D-US for the Analysis of the Fascicle Length

al. (1998). In the 2D-US measurements, only
one printed image for each subject/condition was
obtained. then. we repeated the measurement three
times in each printed image and mean values were
used for comparison with those in the 3D-US
measurements.

2.3. Statistics

Descriptive data were presented as means and
standard deviations (S.D.s). A two-way analysis
of variance (ANOVA) with repeated measures was
used to examine the significances of the F ratios for
the main effects and interactions of torque levels
and two methods on measured variables. Significant
differences among means at p<0.05 were detected
using a TukeyHSD post hoc test. The probability
level for statistical significance was set at p<0.05.

3. Results
3.1. Accuracy and reproducibility of 3D-US

The mean values of errors in horizontal direction
observed in the superficial and deep areas of the
image were 0.3 % and 1.0 %, respectively (Table
1). The mean values of errors in vertical direction
observed in the upper and lower regions of the
images were 1.6 % and 1.2%, respectively. The
coefficients of variance (CV) for the repeated
distance measurements were 1.7 - 3.3 %.

3.2. Contraction induced changes in fascicle length

The fascicle lengths as a function of plantar flexion
torques are shown in Figure 4. As the plantar flexion
torque increased, fascicle length decreased. The
mean values (+S.D.s) of the fascicle length in the
3D-US measurement decreased from 6.0 (= 0.5) cm
in the relaxed condition to 3.1 (= 0.4) cm at MVC, in
a similar manner, those of the 2D-US measurement
decreased from 5.6 (= 0.5) cm in the relaxed
condition to 3.0 (= 0.4) cm at MVC. The fascicle
length at intensities of 40% and above was shorter
than that in the relaxed condition both for 3D-US and
2D-US measurements.

The fascicle length determined by 3D-US,
however, tended to be longer than that determined
by 2D-US. The two-way ANOVA indicated that the
effect of not only the intensity but also the method
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Figure 4 Fascicle lengths of human medial gastrocnemius muscle during isometric plantar flexion at
submaximal and maximal intensities. The relationship of fascicle length to the relative torque was curvilinear

in both methods.

3D-FL: fascicle iength measurements with 3D-US. 2D-FL: fascicle length measurements with 2D-US.
* Significant changes compared with the relaxed condition (p<0.05).

on the measured fascicle length was significant
(p<0.0001 for intensity and p=0.016 for method)
without a significant interaction (intensity x method).

4. Discussion

This study confirmed the accuracy and
reproducibility of 3D-US for measuring the length
of the objects in the three-dimensional space. The
horizontal and vertical errors in 3D-US distance
measurements 0.3 - 1.0 % and 1.2 - 1.6 %,
respectively, were comparable to those reported
by Kawakami et al. (1993), 1.3 % with 2D-US.
In addition to the high accuracy of the length
measurements, the CVs for the repeated distance
measurements were 3.3 % and 1.7 % for horizontal
and vertical directions, respectively. These values
were considerably lower than those reported by
Hiblar et al. (2003) who used 3D-US measurements,
30-40%. Although the criteria of the selection of
ultrasound images were similar in the two studies, the
procedure of the measurements were different in the
two studies. Hiblar et al. (2003) firstly selected an
image and then determined each fascicle involved in
the selected image. On the other hand, we repeated

the selection of the appropriate ultrasound image
for determining the length of a single fascicle. The
difference in the procedure used for the fascicle
length determination might be assumed to be a reason
for the difference between the observed CV values
in the present and Hiblar et al. (2003)'s studies. The
observed CV values of ours were within the range
of those reported previously for fascicle length
measurement (0-8%)[Fukunaga, et al., (1997);
Kawakami, et al., (1998); Maganatris, et al., (1998)].
Judging from these results, therefore, we may
conclude that the 3D-US system used in this study
has sufficient accuracy and reproducibility to measure
the length of the objects in ultrasound images.

After the confirmation of the accuracy and
reproducibility of 3D-US, we determined the
fascicle length of the gastrocnemius muscle at
relaxed condition and during isometric plantar
flexions with various force production levels.
Most of previous sonographic studies on the
contraction-induced changes in the architecture
of the human gastrocnemius muscle have used
conventional 2D-US [Kawakami, et al., (1998, 2000);
Maganaris, et al., (1998); Narici, et al., (1996)]. The
architectural parameters analyzed in these studies
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Table 2 Fascicle lengths measurement of medial gastrocnemius muscle in the relaxed condition and during
maximal voluntary contraction (MVC} of plantar flexion of the present results and as reported in the literature.

Reference Fascicle Length (cm) | Joint angie(@eg) Subjects physical consfisutions
Relaxed  MVC | Askle  Kuee Agelyrs) _Height(cm) _ Weight(ks) |
m‘;‘:ymnggn_m) > Eg:g " Eg:g %0 0 |4Men 27802 174555 66082
Kawaksmietal 2000) | 54-57 36-39%| oo 0 | 6Men No mention in the papar
Kawakamietal (1998) | 52007 3105 | 90 0o |eMem 2153 115¢)  n
Magsnarisetal (1998) | 45002 234019)| 90 % |eMem 2863 175(® 750
Narici et al. (1996) 508(036) 3290036 | 110 0 |eMen 388 176(5)  618(65)

Values are means (S.D.s). The mean age, height, and body mass of the subjects in each report are also shown.

* at a level of 50% MVC.

differ for the relaxed and active conditions (Table
2). The fascicle length of the gastrocnemius muscle
changes with respect to both the ankle and the knee
joint angles [Kawakami, et al., (1998); Narici, et
al., (1996)]. The present study employed the same
joint angle conditions as those used by Kawakami
et al. (1998, 2000), but not by others [Maganaris,
et al., (1998); Narici, et al., (1996)]. A comparison
of the present study on 2D-US measurements and
Kawakami et al. (1998) revealed the measured
fascicle length for the gastrocnemius muscle to be
similar in two studies. Comparing with the fascicle
length measurements of 3D-US to that of 2D-US, the
curvilinear relationship between fascicle length and
plantar flexion torque was similar (Figure 4), and
the ratios of fascicle shortening from rest to MVC
were similar, i.e., 52% with 3D-US and 53% with
2D-US. In the present results, however, the average
fascicle lengths determined by 3D-US were longer
by 2.4 — 14.0 % than those by 2D-US measurements.
This difference was far beyond the range of errors
of length measurements in 3D-US, and the two-way
ANOVA indicates that the measured fascicle length
determined by 3D-US was significantly longer than
that by 2D-US. Hence, the present result indicates
that in vivo observations on the contraction-induced
changes in fascicle length vary by the use of each of
3D-US or 2D-US, even if the shape of the changes in
fascicle length over torque development is similar in
the two measurements.

The observed difference between the fascicle
length measurements of 3D-US and 2D-US could be
due to our proviso that the fascicle was clearly visible
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from one end to the other, which made it possible to
select the proper plane along to the longitudinal axis
of muscle fascicle. We measured the fascicle length
by changing the sectional planes of 3D-US images in
the medio-lateral and proximo-distal directions, and
found that the fascicle length in the proper plane was
the longest (Figure 5). In the 2D-US measurements,
we determined that the ultrasound probe was oriented
along the mid-sagittal axis of muscle belly. The
orientation of the fascicle, however, was not always
along the longitudinal axis of muscle belly.

In the present study, the fascicle length was
determined at the proximal levels 30 % of the
distance between the popliteal crease and the center
of the lateral maileolus. If there is a position related
difference in the architecture of muscle, it can be
one of the reasons for the difference between the
fascicle length measurements of 3D-US and 2D-US.
because in 3D-US measurements we picked up three
different fascicles near the proximal 30%. However,
this possibility is unlikely, since it has been shown
that there is marked uniform architecture throughout
a muscle [Friederich and Brand (1990); Wickiewicz,
et al., (1983)], especially in the fascicle length of
the medial gastrocnemius muscle [Kawakami. et
al., (2000); Maganaris, et al., (1998): Narici, et al.,
(1996)]. Whether there is difference in architectural
parameters within a muscle should be clarified, in
case we analyze the muscle architecture of the other
muscles. The present 3D-US can be a useful tool for
them because it can be imaging the whole muscle.

We considered the fascicle as straight. and the
fascicle length was measured as the distance between
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Figure 5§ A typical example of length measurements of a single fascicle of medial
gastrocnemius muscle during 40 % MVC isometric plantar fiexion. The measurements were
taken at various planes in medio-lateral and proximo-distal directions. The illustration of the

deviation angles are shown in the left diagram.

its aponeurotic attachments in this paper. We ignored
the curvature of the fascicle, if it could be seen in
the images, since Muramatsu et al. (2002) showed
that the average underestimation by ignoring the
curvature was ~ 6%, which might not seem to be
critically large in gastrocnemius muscle. However,
the error would be substantially large in muscle with
longer fascicles such as vastus lateralis or tibialis
anterior [Wickiewicz, et al., (1983)]. For example,
Finni et al. (2003) estimated the fascicle length
of vastus lateralis muscie from the architectural
values within a visible area of the ultrasound image,
and Ito et al. (1998) measured fascicle length of
tibials anterior muscle with a digital curvimeter.
For analyzing fascicle length of these muscles, the
further investigation with considering the curvature is
needed, which is possible in 3D-US.

The data obtained in this paper can be also
acquired with manipulation of the probe orientation
simply by using 2D-US. However, we may say that
3D-US has potential advantages for analyzing the
three-dimensional architecture of human skeletal
muscle, such as the spatial orientation of fascicles
or the curvature of each fascicle. Additionally. the
present 3D-US can be a useful tool for imaging the
whole muscle.

In conclusion, the present study showed that the
3D-US method was capable of reliably measuring the
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values of fascicle length of human skeletal muscle.
As compared with conventional measurements,
3D-US has potential advantages for analyzing the
three-dimensional architecture of human skeletal
muscle.
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Virtual Humans and Social Agents

Modeling and simulating the deformation
of human skeletal muscle based on

anatomy and physiology

By Robson R. Lemos*, Jon Rokne, Gladimir V. G. Baranoski,

Yasuo Kawakami and Toshiyuki Kurihara

PRPSICOIINIGININGNBIOINNENNINNOITUUUNRIOIOINIBEENENTINEOINOUROININIUNOIINRIRCOOODOIRNERDS

This paper describes the modeling and simulation of the deformation of human skeletal
muscle at different structural levels based on sound scientific principles, experimental
evidence, and state-of-art muscle anatomy and physiology. The equations of a continuum
model of a muscle with realistic architecture, including internal arrangement of muscle fibers
and passive structures, and deformation, including activation relations, was developed and
solved with the finite element method. The continuum model is used as the basis of a strategy
for controlling muscle deformation using activation relations. In order to demonstrate the
functionality of the model, it was used to investigate force production and structural
changes during contraction of the human tibialis anterior for maximally and submaximally
activated muscle behavior. From a comparison with experimental data obtained from
ultrasound imaging, we concluded that the modeling and simulation of the continuwm based
on physiologically meaningful parameters as described in the paper is both an excellent
predictor of force production observations and of changes in internal geometry under various
test conditions. It is therefore a valuable tool for controlling muscle deformation during

movement. Copyright © 2005 John Wiley & Sons, Ltd.

KEY WORDS: physically-based muscle modeling; medical three-dimensional simulation

introduction

Two major constituents of mammals are the skeleton
and the skeletal muscles. In most mammals the skeletal
muscle accounts for at least 40% of whole body mass;’
thus, it is an important feature. Additionally, whereas
the skeleton is a rigid framework, the skeletal muscles
deform in response to contractions of muscle fibers.
These deformations are visible when mammals move.
In computer animation of virtual mammals, in particu-
lar, humans, the deformations of muscles therefore have
to be taken into account. However, the models currently

*Correspondence to: Robson R. Lemos, Universidade de Caxias
do Sul, Department of Computer Science, Rua Francisco Getu-
lio Vargas, 1130, 95070-560 Caxias do Sul, RS, Brazil.

E-mail: rlemos@ucs.br

Contract/grant sponsors: CAPES-Brazil, Universidade de
Caxias do Sul (Brazil); University of Calgary (Canada).

available typically do not allow for muscle deformation.
This means that the increasing demand for realism and
predictability in computer graphics” and bioengineering
applications® cannot be met. The model described in this
paper is a step towards the automatic modeling of the
deformation in virtual humans in a predictive manner
through the interrelationships of the muscle anatomy
and function with applications in computer graphics.
Similarly, the model can simulate a complex muscle
structure so that muscle function can be investigated in
bioengineering.

A three-dimensional structural continuum model of
whole muscle was developed.* The model was applied
to simulate contraction and the associated deformations
of a skeletal animal muscle for maximally activated
muscle behavior.” The model was used to investigate
force production and structural changes during contrac-
tion of the human tibialis anterior (TA) for maximally
and submaximally activated muscle behavior using

2882V EEVIINNICIOCCOINTNOICITININERNITCEOOOEDIGEOSNOIVBIOOIVCUEISCIONOUDBNNOITECOERRIREIEVIDOTREIBOUD
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Figure 1. Structural levels. (a) muscle (fiber-aponeurosis-tendon complex); (b) fiber bundle or fascicle; (c) fiber (cell); (d)
myofibril; (e) sarcomere (contractile unit).

activation relations based on physiologically meaning-
ful parameters. The novel feature of the approach is that
it incorporates several structural levels of representation
to predict force relationship, taking into account
activation relations for controlling muscle deformation,
starting from the muscle fiber level (Figure 1).

The aim of this study is, therefore, to present the
modeling and simulation of the deformation of human
skeletal muscles at different structural levels for maxi-
mally and submaximally activated muscle behavior. In
the next section, relevant literature is presented and
biological considerations regarding muscle modeling
are provided. In the third section continuum model of
muscle, the three-dimensional continuum model of
muscle is presented. In the fourth section modeling
the human Tibialis Anterior musde, the modeling of
the human TA muscle is described. In the fifth section,

muscle deformation simulation and evaluation are
shown. Finally, a discussion and some conclusions
are presented in the eighth and ninth sections,
respectively.

Related Work and Biological
Considerations

Computer graphics researchers have proposed models
in which individual muscles are represented in an
anatomically appropriate manner.®” In the models pro-
posed by Chen and Zeltzer® and Ng-Thow-Hing and
Fiume,” muscle deformation is obtained based on me-
chanical principles. Non-linear properties of muscles
were neglected, however.
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The principal elements of the muscle structure, which
form the skeletal muscle architecture, are known as the
fiber-aponeurosis-tendon complex (Figure 1), a highly
non-linear constrained system. In computer graphics,
previous work by Teran et al.'® included non-linear
properties of muscle. The muscle geometry was ex-
tracted from the segmented visible human dataset.!
This dataset does not contain detailed information about
the fiber-aponeurosis-tendon complex. Simplifying as-
sumptions for the aponeurosis properties and structure
{a thin layer of connective tissue within a muscle to
which fiber attach) were therefore made in the modeling
of the muscle behavior (and its corresponding anatomy).
The aponeurosis plays an important role in the internal
and external muscle deformation.* According to Refer-
ence [10] the tendon/aponeurosis and fiber information
could be improved with the aid of scanning technologies
or anatomy experts. In biomechanics, Gielen et al'®
described a planar model representing the mid-sagittal
plane of the muscle belly. Oomens et al'* extended
the mid-sagittal plane continuum model of Gielen
et al” to a model with a more realistic three-
dimensional geometry. According to these authors,'*
further improvements of the model are needed in
the transverse plane geometry in order to obtain the
actual three-dimensional representation of the musdle.
Fernandez ef al.® presented an anatomically based finite
element geometric model to match human specific
musculo-skeletal system. Blemker et al.'® used a non-
linear finite element analysis to simulate a three-dimen-
sional skeletal muscle, simplified by axial symmetry. In
cardiac and skeletal muscles models, it has been pointed
out that the orientation of muscle fibers and activation,
has a large influence on stresses and strains.? Because of
this, a model of skeletal muscle should have a detailed
description of the three-dimensional architecture and
deformations so as to have predictive value. The model
should also include a mechanism to automatically pro-
duce muscle deformation during movement.

Based on spatial distribution analysis'” it has been
shown that some muscles are compartmentalized. As-
suming that parts of the muscle corresponding to neu-
romuscular compartments are activated separately
during contraction as a result of some type of different
functional or task-specific roles during movement, an
interesting force production related property can be
investigated. This force production related property,
which is difficult to determine in human muscles, is
known as the non-linear summation of force'® in which
submaximally activated muscle behavior during contrac-
tions can be investigated. Studies in animal muscles’®

indicate that the non-linear summation of force has
functional implications for controlling skeletal muscle
during movement.

Continuum Model of Muscle

A non-linear dynamic finite element model (FEM) that
allows for designing and simulating a general, variable
muscle fiber architecture was developed. A full expla-
nation of the continuum model can be found in Refer-
ence [4]. For completeness the general features of the
model are also included here.

One possible way to formulate the non-linear equa-
tions of motion is by means of the principle of virtual
work (PVW). The PVW states that the equations of
motion of a deformable body are equivalent to the
satisfaction of the following simple scalar equation:

IVW — EVW =0 6]

identically for all virtual displacement fields. In the
equation above, IVW is the total internal virtual work
and EVW is the total external virtual work performed
during the deformation of the body. The PVW can be
modified to take into account geometric constraints by
the addition of new variables (‘Lagrange multipliers’).

One of the advantages of the formulation in terms of
the PVW is that it is amenable to direct numerical
implementation. The system of non-linear equations
derived from the PVW were solved using the full
Newton’s method and the secant method' so that
execution speeds and accuracies of solutions could be
compared. In order to include time-dependent effects,
such as viscosity and inertia, the Houlbolt implicit time
integration technique®® was adopted.

As the tissue matrix deforms, it performs external and
internal virtual work. The applied external forces, as
well as the forces of inertia, will perform a small amount
of work on the virtual displacements. This work is the
external virtual work (EVW). As an example, if concen-
trated forces f are applied at given points of the body,
the external virtual work can be obtained as:

EVW:Zt’-&u—-/Vpii-éudV @)

Here, the summation extends over the number of
external forces. A dot represents the ordinary inner
(‘dot’) product of vectors. The mass density in the
reference configuration is denoted by p, the reference
volume by V, and the acceleration vector by i.
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At the same time, a deformable body will sustain an
IVW representing the work done by the internal
distributed forces (stresses) on the small changes of
deformation. The formulation for the IVW for passive
and active muscle soft tissues is described below. More-
over, for the active muscle fibers a strategy for control-
ling muscle deformation using activation relations is
described.

Passive Soft Tissue Modeling

In the large deformation regime, we first need to de-
scribe the kinematics of the deformation. For that, we
use the deformation gradient tensor F which is a map-
ping from the undeformed reference configuration to
the deformed spatial configuration.? From the deforma-
tion gradient we can extract all the information needed
about the state of strain by eliminating the rotational
component. One way to do this is by calculating the
right Cauchy-Green tensor” as C = F'F.

A material whose constitutive behavior is character-
ized by specifying its internal energy stored per unit
volume is called a hyperelastic material. We can define
specific functional forms of its internal energy. Using the
functional form known as the Mooney-Rivlin relation”
the first Piola~Kirchhoff stress tensor, a convenient
measure of stress, can be obtained as:

T = 24F + 2b(Ftr(C) — FC) — I 3)

where 2 and b are material parameters which obey the
scalar equation, a+b =3}y, p is a material parameter
known as ground-state shear modulus? and p is a
Lagrange multiplier representing a hydrostatic pressure
associated with the incompressibility constraint.

In this context, the internal virtual work within a
referential volume v is the work of the internal forces,
or stresses, and is given by:

VWisoue = /V tr(TT6F)dV @

where tr represents the trace of a tensor.

In order to represent the wrinkling observed in ten-
dons, a constitutive passive equation with pseudo-
wrinkling of the fibrous tissue of the tendon is included.
The pseudo-wrinkling of the fibrous tissue is assumed
to obey an exponential constitutive law

Nt = ot . At 5

O

Figure 2. Tendon fibrous tissue behavior.

where At is the cross-sectional area of the tendon and ot
is the stress (N/mm?) given by the following equation

o_t:__{ﬁ[e—z‘é(l-:e*(%ﬂ)e)} fors?l)} ©

ake fore<0

o and i are parameters to control the toe region of the
constitutive equation and ¢ is the strain, that is, the
elongation of the tendon member divided by the length
of the original force-free configuration (Figure 2).

The internal virtual work of the tendon in given by

TVWiendon = Nt be @

where 6e is the small variation in the elongation pro-
duced by the virtual displacements of the endpoints of
the tendon element.

Active Soft Tissue Modeling

In order to represent the active soft tissues, the active
elements are distributed unidirectionally within the
muscle tissue. The force-length relation in fully acti-
vated isolated fibers or fiber bundles is well known
(Figure 3). Each point on the graph representing the
force-length relation of a muscle fiber is obtained by
means of a separate experiment, whereby the muscle is
first passively brought to a desired length, and only then
activated to the maximum at constant length (namely,
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Figure 3. Muscle fiber behavior.

under isometric conditions). Studies have shown that,
after arriving at a point in the force-length relation, if
the length of the muscle is further increased or de-
creased without reducing the activation, the force will
not follow the graph of the basic force-length relation.
Instead, it will tend to follow approximately a straight
line with a positive slope.’ Otherwise, the behavior
would be unstable whenever the starting point lies in
the descending limb of the force~length relation. In the
present model, the ability of specifying the value of that
positive stiffness associated with extra lengthening at
full activation is included in the force-length relation.

In this context, the force-length relation is repre-
sented by the parabola:

f(r) = —0.7727 + 1.544r — 0.494 (8)

expressing the normal stress (N/mm?) as a function of
the ratio r = L /Loy between current fiber length, L, and
optimal fiber length, Loy. The optimal length corre-
sponds to the vertex of the parabola. We assume, some-
what arbitrarily, that the stress corresponds to the
presence of 10000 individual fibers per mm?. The num-
ber of fibers n; running through a given element can be
specified, so that the total force for the active fibers
within that element is given (in Newtons) by:

n

Fua=a [f(r0) + k(o) 1)) g5 ©)

where # is an activation parameter (0 <2 < 1),and rp is
the value of r upon first activation. The positive stiffness
K(rs) represents the behavior for active elongations
beyond the initial length. In other words, the enforce-
ment of stability through positive stiffness introduces a
memory effect at the fiber level. The muscle fiber re-
members the current length when it was first activated

until the activation disappears. When the activation
disappears, the current length is forgotten and a new
current length will take place upon the reappearance of
any level of activation. This activation relation is amen-
able to direct implementation of a strategy for control-
ling muscle deformation during movement.

The contribution to the IVW of a given active element
when the velocity dependence is neglected is given by:

TWVWeper = ZF act 02 (10)

where ée is the small variation in the elongation pro-
duced by the virtual displacements of the endpoints of
the active element.

The contribution for the IVW of a given active element
when the FEM is time-dependent is given by:

IVWeber = 3 f(0)Fact b (1)

where f(v) = 1 — tanh(v/vo) is the force~velocity depen-
dence, v is speed in mm/second, and g is the maximal
velocity of shortening of a given muscle. It corresponds
to a multiplicative factor into the constitutive law
(Equation 9) due to the inclusion of a viscous component
in the muscle fibers.

Strategy for Controlling Muscle
Deformation Using Activation Relations

In the continuum model a simple strategy for control-
ling muscle deformation and muscle force using activa-
tion relations is introduced. For that the following
quantities have to be defined: the attachment sites of
the muscle within the skeletal system; the kinematics of
skeletal system for a given target movement; the amount
of activation of each muscle during the target move-
ment; and, the spatial location of anatomical compart-
ments in the muscle, if applicable.

The muscle-tendon length (and muscle fiber length)
in the passive state can be obtained from the attachment
sites of the muscle within the skeletal system. The speed
that the muscletendon length was shortened or
stretched during movement can be obtained from the
kinematics of the skeletal system. In the continuum
muscle model the muscle force and muscle deformation
will be obtained as a function of muscle-tendon length,
the contractile speed of the muscle-tendon length, and
amount of activation.

In the model we assume that all muscle fibers are
recruited at the same time (ie., uniformly) to reach a
given amount of activation. A possible choice of
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non-uniform recruitment of muscle fibers would be to
consider the fiber type distribution of a given muscle
and recruit groups of muscle fibers (motor units) non-
uniformly according to some type of principle (e.g.,
some motor units recruited first and other motor units
recruited progressively). However, the force control
mechanism in skeletal muscle is also influenced by other
factors and a comprehensive force control paradigm is
not yet available.

In the proposed activation-recruitment relation, the
muscle fiber non-uniformities are included in the mus-
cle structure. The initial internal muscle structure for
each hexahedra element (Figure 7) in the passive state is
used to calculate the initial ratio of fiber length r and
optimal fiber length Lo for each fiber (Equation 9). This
ratio turns out to be non-uniform, and it is used to
predict muscle force over the entire range of motion.
Therefore, in the activation relation all the musde fibers
will be recruited at the same time but each muscle fiber
will be at a different position in the force-length rela-
tionship (Figure 3).

In the case of compartmentalized muscles which
contain anatomical compartments each having a sepa-
rate innervation branch we adopt the activation relation
in separate parts of the muscle. This control strategy
might be used for a group of individual muscles. In this
way submaximally activated muscle behavior during
contraction of compartmentalized muscles can be in-
vestigated as well as the implications in muscle defor-
mation and force production.

Modeling the HumanTibialis
Anterior Muscle

A current trend in computer graphics is to compare
theoretical results (results provided by the model) with
experimental results (in our case, results obtained by
ultrasound medical imaging assessment) so that their
accuracy can be directly examined and the models can
be used in a predictive manner. This section details
various aspects of our method.

Experimental Muscle
Deformation Measurement

A detailed description of the experimental protocol and
muscle deformation measurement performed for the
model can be found elsewhere.”

In order to investigate structural changes and force
production in the human TA during contraction, re-
laxed and activated fascicle lengths (or fiber bundles),
angle of pennation (i.e., angle between the muscle’s line-
of-action and the direction of the muscle fibers), and
external forces were measured.

For the fascicle lengths and angles of pennation
measurement, longitudinal sectional images of the hu-
man TA were obtained using a real-time ultrasound
apparatus. For passive deformations, measurements of
the muscle deformation geometry were taken at ankle
angles of —10° (dorsiflexion direction), 0° (the foot at
right angle to the shank), +10°, +20°, and +30° (plantar-
flexion direction) (Figure 5). Isometric contractions
(muscle at constant length) during maximum voluntary
contraction (MVC) were obtained, as well. For isometric
contractions, during different force levels (20%, 40%,
60%, 80%, and 100% MVC), measurements of the muscle
deformation geometry were taken at the ankle angle of
+30°.

The tendon force was estimated 281.42 N at an ankle
angle of +30° during MVC using a similar technique
described in Tto et al.?

External and internal Muscle
Geometry Reconstruction

The external geometry was found from cross-sectional
images obtained by magnetic resonance imaging. The
actual internal geometry was found from longitudinal
images obtained by ultrasonography. The hexahedral
mesh was obtained from polygonal boundaries for TA
(Figure 4) using the software Truegrid. The position
and orientation the fascicle for the measurements were
approximated in the internal geometry.

Figure 4. Longitudinal ultrasound image and polygonal boundary of the human TA.
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Figure 5. Human TA hexahedral mesh.

The resultant hexahedral mesh had 390 elements (i.e.,
eight-node brick-like element) including elements for
muscle tissue, aponeurosis, and tendon (Figure 5). The
visualization at the whole muscle level and the fiber
level are shown in Figures 6 and 7, respectively.

Activation of Anatomical
Muscle Compartments

Wolf and Kim' found that the human TA has three
distinct neuromuscular compartments (Figure 7). The
anterior aspect of the muscle has one partition (A head,
Figure 7). The posterior aspect of the muscle has two
partitions (B head and C head, Figure 7). Studies in
animal muscles'® have been performed in non-linear
summation of force. In these studies parts of the
muscle corresponding to neuromuscular compartments

Figure 6. Human TA at the whole muscle level.

are activated separately. Sandercok'® introduced the
non-linear summation of force as

Fu(t) = Fap(t) — Fa(t) — Fs(t) (12)

where F45(#) was described as the force measured when
both parts A and B of the muscle are activated together.
Fa(t) and F(t) were described when force of part A and
part B, respectively, were stimulated alone.

For the investigation of non-linear summation of
muscle force on human TA, a simple theoretical for-
mulation can be adopted. For example, Fap(t) can be
described as the force measured when both the deep
and the superficial unipennate half of TA are activated
together. Fa(f) and Fp(f) can be described when the
deep unipennate half of TA and the superficial unipen-
nate half of TA were activated alone.

Figure 7. Human TA at the fiber bundle level and muscle compartments.
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Figure 8. Passive deformations for the experimental (E) and theoretical fascicle lengths (T), for superficial (S) and deep (D)
unipennate half.

Muscle Deformation Simulation
and Evaluation

For the simulation, parameters such as boundary con-
ditions and material parameters for the passive struc-
tures had to be specified (Figure 5).

In the simulation of the passive deformations, the
distal insertion (tendon) is moved passively from the
ankle joint of —10° to +30° (Figure 8). Shear modulus (1)
for the superficial aponerosis, central aponerosis, and
muscle tissue were p=15MPa, p=2MPa, and p=
0.015MPa, respectively (Mooney-Rivlin relation). For
the tendon, the shear modulus (i) for the tissue matrix
was p=10MPa (Mooney-Rivlin relation) and the
Young’s modulus (E) and parameters o and @ for the
tendon (Equation 5) were E=2000MPa, a=0015
(1.5% of E) and @ = 0.15 (15.0% of E), respectively.

In the isometric contraction simulations, the distal
insertion (tendon) is moved passively from the ankle
joint of ~10° to +30°. The muscle is held at the ankle
joint of +30° and it is activated to the maximum. In
Figure 9, comparisons of fascicle lengths and angle
of pennation between simulated and experimental
results for different levels of MVC are shown. The

undeformed and deformed geometry at the muscle fiber
level at the ankle joint of +30° for maximally and
submaximally activated muscle behavior is shown
(Figure 10). The simulated muscle force was 270.16 N.
When only the deep unipennate half was maximally
activated, the force was 175.70N. And, when only the
superficial unipennate half was fully activated, the force
was 170.98 N.

For the CPU time statistics, the simulation on a
3.2GHz Intel Pentium 4 CPU using the full Newton
method required approximately 11 hours. Under the
same conditions using the Secant method required
approximately 5 hours.

Discussion

It was shown that the continuum muscle model can be
used to predict conceptually force production proper-
ties and structural changes in human skeletal muscles
for maximally and submaximally activated muscle be-
havior. Regarding the simulation of the internal geome-
try during deformation, the theoretical predictions for
the relaxed fascicle lengths at different ankle joint angles
(Figure 8) agreed well with the observed experimental
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data. The theoretical predictions for the fascicle lengths
and pennation angles at the ankle joint angle of +30°
during different levels of maximum activation state
show good quantitative and qualitative agreement
with the measured experimental data (Figure 9).
Regarding the simulation of the force production
properties, the force-length production of the musdle
in maximum activation state at ankle joint angle of +30°
agreed well with experimental data for maximum vo-

luntary contraction. The following non-linear summa-
tion of force was observed during the interaction of the
compartments adopted for the human TA: (Fgp(t) <
Fa(t) + Fg(£)). The explanation of this observed simu-
lated result is related to the series elasticity of the
muscle. This explanation is based on the idea that
when more neuromuscular compartments are activated,
more muscle fibers will contract. As a result, the in-
creased fibers shortening causes decreasing forces.
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The dynamics of muscle contraction is obtained at
different structural levels for maximally and submaxi-
mally activated muscle behavior which allows for
meaningful insight into deformation and contractile
process of whole muscle contraction (Figure 10).

Figure 10. Human TA deformation (a) relaxed state (blue fiber
always relaxed) (b) 100% of activation for whole muscle (c)

100% of activation only for the superficial unipennate half.

Conclusions and Future Work

The proposed model represents a step toward the use of
physiologically-based muscle representations in render-
ing and animation frameworks.

In order to produce the animation of realistic skeletal
muscle deformation, and fo study muscle function dur-
ing contraction, models incorporating actual three-
dimensional geometries are needed.

Regarding the CPU time statistics, the full Newton's
method is more computational expensive than the se-
cant method of Broyden." This is due the fact that the
function evaluation is expensive to calculate.

For the modeling and simulation of the human ske-
letal muscle structure a next step might include the
modeling of the three main ankle extensor muscles of
the human lower limb (e.g., tibialis anterior musde,
gastrocnemius muscle, and soleus muscle) and the
simulation of the human movement during specific
tasks (e.g., walking, running, and jumping) exploring
the muscle control strategies introduced in this paper
for a group of muscles.
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Human Skeletal Muscle Size and Architecture: Variability
and Interdependence
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ABSTRACT Seven hundred and eleven women and men (aged 3-94 years, including normal
individuals and highly trained bodybuilders) were tested for the thickness and pennation angles
of their triceps brachii (TB), vastus lateralis (VL), and gastrocnemius medialis (GM) muscles.
The variations of muscle thickness and pennation angles were largest in TB (6—66 mm and 5—
55°), followed by VL (8-45 mm and 7-33°) and GM (11-36mm and 12-33°), and women showed
smaller variations than men. These results suggest the existence of muscle- and gender-specific-
ity in the variability of muscle dimensions. Significant positive correlations were observed
between muscle thickness and pennation angles (r = 0.81, 0.61, and 0.56, for TB, VL, and GM,
respectively), indicating that the size-dependence of the pennation angle is a general feature of

pennate muscles. Am. J. Hum. Biol. 18:845-848, 2006.

Skeletal muscle force production is influenced
by a muscle’s size and architecture (arrange-
ment of muscle fibers). It is known that human
skeletal muscle size has considerable plasticity,
and it was shown that muscle architecture
shows interindividual variations (Chow et al.,
2000; Henriksson-Larsen et al., 1992; Kawa-
kami et al., 1993). Little is known, however, of
whether the amount of plasticity in muscle size
and architecture is muscle- or gender-specific.

Kawakami et al. (1993) found for the triceps
brachii muscle that the pennation angle (Pa)
was positively correlated with muscle thick-
ness (Mt), and pointed out the dependence of
muscle force kinetics on size. However, studies
on other muscles failed to find such a relation-
ship (Abe et al., 1999; Henriksson-Larsen
et al., 1992). The question remains as to
whether the muscle-size dependence of Pa is a
general property of pennate muscles or a
unique feature of specific muscles.

In order to clarify the intermuscle variability
of muscle size and architecture and their inter-
dependence, we carried out measurements of
Mt and Pa for different muscles in the upper
and lower limbs from a large number of popu-
lations with widely varying muscle size.

METHODS

Subjects
Females (n = 284) and males (n = 427)
(aged 3-94 years; mean height, 160.7 + 14.1
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SD (91.0-193.0) cm; mean mass, 60.4 + 18.3
SD (12.9-181.9) kg) participated in this study.
Subjects were sedentary, normal, and moder-
ately to highly active individuals, highly

.. trained bodybuilders at national and interna-

tional levels for both sexes, and male sumo
wrestlers. Children and elderly individuals
were included to examine the lower limit of
muscle size in humans. Informed consent to
participate in this study was obtained from
subjects, and from their parents when the sub-
Jects were children. This study carried ap-
proval of the Ethics Committee of the Depart-
ment of Life Sciences, University of Tokyo.

Muscles tested

Three muscles (triceps brachii, TB; vastus
lateralis, VL; and gastrocnemius medialis,
GM) were tested. The measurement sites were
at levels 60% of the upper arm length distal to
the acromion process for TB, 50% of the thigh
length for VL, and 30% of the leg length distal
to the popliteal crease for GM. Each level is
where the anatomical cross-sectional area of
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the respective muscle is maximal (Fukunaga
et al., 1992; Kawakami et al., 1994; Narici
et al., 1992). The subject stood on a level sur-
face during measurement. The subject relaxed
tested muscles as much as possible. Right
limbs were tested.

Measurement of Mt and Pa

A real-time ultrasonic apparatus (SSD-
2000, Aloka, Japan) was used. A transducer
with a 7.5-MHz scanning head coated with
transmission gel was placed onto the skin
without depressing the skin surface. At the
level described above, the medio-lateral center
was determined for each muscle from ultraso-
nography. At this position, the subcutaneous
adipose tissue-muscle interface and muscle-
muscle (VL and GM) or muscle-bone (TB)
interface were identified from the cross-
sectional ultrasonic image, and the distance
between adjacent interfaces was measured to
the nearest 0.5 mm as Mt (Kawakami et al.,
1993). We regarded Mt as a measure of muscle
size, based on highly significant correlations
(coefficient of correlation ~0.90) between Mt
and cross-sectional area of muscle (Martinson
and Stokes, 1991; Abe et al., 1997).

At the same position, a longitudinal ultra-
sonic image was obtained so that the fascicles
were visualized along ‘their whole lengths
from the superficial to the deep aponeuroses.
The angle at which the fascicles arose from
the deep aponeurosis was measured to the
nearest 0.5° as Pa (Kawakami et al., 1993). Pa
was determined for three fascicles within the
image, and averaged. Figure 1 shows typical
ultrasonic images of the three muscles. The
measurement variability in Mt and Pa was
confirmed to be <1 mm and 1°, respectively,
with intraclass correlation coefficients of r >
0.98 (Kawakami et al:, 1993).

Statistical analysis

Mt and Pa were tested for intermuscle and
gender differences in variability in terms of
coefficients of variation (CV). The relationship
between Mt and Pa was tested for statistical
significance using the Pearson correlation (r).
The slopes of linear regression were also com-
pared for significant differences between
muscles and between genders. A P < 0.05
level of confidence was used in all tests.
Unless otherwise stated, mean values * SD
are given.
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Fig. 1. Ultrasonic images (cross-sectional, left row;
longitudinal, right row) of triceps brachii (TB), vastus
lateralis (VL), and gastrocnemius medialis (GM)
muscles. Muscle thickness (left row) and pennation
angles (right row) were measured as distance between
adipose tissue/muscle and muscle/muscle (VL and GM)
or muscle/bone (TB) interfaces, and angles made by fas-
cicles and deep aponeurosis, respectively. AT, adipose
tissue; VI, vastus intermedius.

RESULTS

The Mt of TB, VL, and GM were 31 * 10
(women, 6-42; men, 11-66), 23 + 6 (8—-33 and
12-45), and 21 + 4 (10-27 and 11-36) mm,
respectively. The Pa of the three corresponding
muscles were 20 + 7 (6-27 and 5-55), 19 = 4
(7-24 and 9-33), and 21 + 3 (12-26 and 13-
33) °, respectively. There were significant dif-
ferences in CVs of Mt and Pa between muscles,
in the decreasing order of TB, VL, and GM.
Women showed CVs both for Mt and Pa than
men.

Figure 2 shows the relationships between
Mt and Pa for TB, VL, and GM. Each Mt was
normalized to the limb length (upper arm for
TB, thigh for VL, and leg for GM) to correct
for intersubject differences in stature. Signifi-
cant positive correlations were observed, with
coefficients r = 0.81, 0.61, and 0.56 for TB, VL,
and GM, respectively. Those correlations were
also significant for both women (r = 0.65, 0.59,
and 0.48) and men (r = 0.81, 0.56, and 0.59).
The slope of regression was significantly
higher for GM compared with VL except for
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Fig. 2. Relationships between pennation angles and
muscle thickness of TB (solid circle), VL (open circles),
and GM (squares) (n = 711).

women. The slope of TB was significantly
lower in women than in men.

DISCUSSION

The present ranges of Pa are much wider
than in the published data on cadavers (Yama-
guchi et al., 1990) and in vivo humans (Chow
et al., 2000; Kawakami et al., 1993; Rutherford
and Jones, 1992). Our result shows differences
in the range of variability in Mt and Pa between
muscles, with decreasing magnitude in the
order of TB, VL, and GM. Since the present
data include those of highly-trained athletes,
this result is unlikely due to the difference in
the amount of training between muscles; rather,
it could be due to intermuscle differences in hy-
pertrophic response to training and/or growth.
The order of variations in Mt and Pa corre-
sponds to that of the index of muscle architec-
ture, i.e., muscle fiber length/muscle length
(Lieber and Brown, 1992; Yamaguchi et al.,
1990). This coincidence hints at the notion that
there are some architectural factors, possibly
including muscle fiber length, that limit the
magnitude of muscle hypertrophy. This factor
might be related to the higher slope of regres-
sion between Mt and Pa in GM than in VL. The
architectural limitation might also be able to
explain the lower trainability of the lower com-
pared with the upper limb muscles (Abe et al.,
2000). However, these arguments are purely
speculative, and await further experimental
verification.

A lack of significant difference in regression
slopes between GM and VL in women might
be due to smaller variations of Mt and Pa com-
pared with men. A higher regression slope of
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male TB could be attributable to a previous
finding for this muscle (Kawakami et al.,
1993), that Pa increased more than Mt in
extremely hypertrophied muscles.

Significant positive correlations between Mt
and Pa in all muscles give experimental evi-
dence to the contention that muscle hypertro-
phy accompanies an increase in Pa. Significant
correlations were found even when women and
men were separately analyzed. Failure to find
such correlations for the same muscles (Abe
et al., 1999; Henriksson-Larsen et al., 1992)
would be due to a limited sample size and/or
variations in muscle dimensions.

The force applied to the tendon by the con-
traction of muscle fibers is reduced by a factor
of cos (Pa) from the sum of the forces of individ-
nal fibers (Kawakami et al., 1993). In this
study, we found variations in Pa from 5-55° in
TB, corresponding to force-reduction factors of
0.996 and 0.574. GM has a much smaller varia-
bility in this factor (0.978-0.839). These differ-
ences might be able to partly explain the incon-
sistency in specific tension (muscle force per
physiological cross-sectional area) reported for
these muscles (Fukunaga et al., 1996; Kawa-
kami et al., 1994; Narici et al., 1992).

In conclusion, intermuscle and gender differ-
ences in the variability of muscle size and archi-
tecture suggest a divergence in inherent plas-
ticity in muscle dimensions. We also conelude
that the size-dependence of pennation angles is
a general feature of pennate muscles. These
arguments should be taken into consideration
when assessing human muscle functions.
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INTRODUCTION

Muscle contraction induces tendon elongation". Repetitive
muscle contractions are known to induce tendon creep®, but
the presence of concurrent changes in mechanical properties
of the tendon has not been elucidated. The purpose of this
study was to investigate changes in the muscle-tendon
complex mechanical properties during and after repetitive
muscle contractions.

METHODS

Six men (mean=SD for the age, body mass and height was
23.5:+1.2 years, 68.327.1 kg, 172.7:5.6 cm) performed 15
repetitive isometric ramp contractions. The subject was seated
with the knee extended, and the ankle joint was attached to the
foot plate at the right angles to the tibial axis. Preceding the
experiment, MVC torque was measured, and the target torque
was determined based on MVC. Before and after repetitive
contractions, the following flexibility test was performed. The
subject was seated with the knee extended, and the ankle joint
was attached to the foot plate at an angle of 30° plantarflexion.
The foot plate was connected to a dynamometer (VINE,
Japan), by which the ankle joint was passively dorsiflexed
with torque gradually increasing from zero to a value at which
the passive loading to the ankle joint was just tolerable for
each subject. The dorsiflexion angle and passive torque
generated by plantar flexor muscles were measured during the
test. During the passive loading, real-time ultrasonogram
(SSD-6500, Aloka, Japan) was taken to track the movement
MTYJ (muscle-tendon junction of the gastrocnemius medialis
and Achilles tendon). The movement of MTJ with dorsiflexion
was assumed to be equal to the elongation of muscle belly
(dMus). According to the estimated Achilles tendon moment
arm”. The change of MTC (muscle-tendon complex) length
(dMTC) during the passive dorsiflexion was estimated from
changes in ankle joint angle. Tendon elongation (dTen) was
calculated by subtracting dMus from dMTC. Tendon force
(TF) was estimated from the torque and moment arm length®.
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Figure 1: The relation between tendon force and dmus
during 15 repetitive contractions, just only the 1%, 9%
and 15® contractions are shown.

RESULTS AND DISCUSSION

The changes in dMus during 15 repetitive contractions are
shown in Figure 1. The first contraction showed a different
pattern compared with other contractions (p<0.05), dMus
shifted proximally during repetitive contractions. This result
indicates that repetitive contractions induced tendon creep.
The flexibility test showed dMTC which involved an increase
in dTen (p<0.05), but dMus did not change significantly. The
elongated tendon changed its passive length-force curve,
especially at the toe-region. Altered toe-region of the tendon
length-force curve suggests structural changes of tendon as a
result of repetitive contractions.
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Table 1: Elongation of MTC, Muscle and tendon during flexibility test.( ):post test, *: p<0.05

Tendon Force (N) 100 200 300 400 500
Elongation (mm)
MTC 16.0:£3.0 (21.9£7.4%) 23.8:+7.5(29.3+5.9%) 28.4:£10.3 (32.6£5.2%) 33.1£10.7 (34.945.1) 35.0z14.1 (37.0+£5.2)

Muscle 11.526.0 (13.8:54)  18.4+7.4 (20.0+4.8)
5.5+3.1(9.312.3%)

Tendon 4.5£3.5 (8.1x2.7%)

208+7.1 (22.644.6) 23.0%7.3 (23.844.4) 244371 (25.724.5)
7.6£42(10.04832)  10.1%4.6(11.1£33)  10.7£42 (11.443.4)
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Changes in mechanical properties of Achilles tendon resulting from muscle contraction and stretching.
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Muscle contraction and stretching are known to induce tendon elongation. We defined tendon elongation induced
by muscle contraction as “active tendon elongation”, and by stretching as “passive tendon elongation”. The
purpose of this study was to investigate the difference in mechanical properties between the two types of tendon
elongation.

Methods. Experiment 1: The subject (n=8 men) was seated with the knee ‘extended, and the ankle joint was
attached to the foot plate at the right angles to the tibial axis, and performed 15 repetitive isometric ramp plantar
flexions (up to 80% maximal voluntary contraction: MVC). During the experiment, we measured plantar flexion
torque and the travel of muscle-tendon junction of the gastrocnemius medialis and Achilles tendon (MTJ) by
ultrasonogram. Experiment 2: The subject (n=6 men) had his ankle dorsiflexed passively for 20 minutes in a
supine position with the hip and knee extended. During the experiment, we measured passive plantar flexion
torque, ankle joint angle, and the travel of MTJ.

Before and after experiment 1 and 2, the subject had his ankle dorsiflexed passively, to determine length changes
in muscle-tendon complex (MTC), muscle and tendon. The travel of MTJ was assumed to be equal to the muscle
elongation (dMus). The change of MTC length (IMTC) was estimated from changes in ankle joint angle. Tendon
elongation (dTen) was calculated by subtracting dMus from dMTC.

Results and discussion. Experiment 1: Contraction resulted in a shift of MTJ proximally during repetitive
contractions. This result indicates that repetitive contractions induced tendon creep. Passive dorsiflexion showed
no change in dMTC before and after contraction, but dMus decreased and dTen increased.

Experiment 2: After passive dorsiflexion for 20 minutes, dMTC and dTen increased, but dMus did not change.
These results suggest that both active and passive tendon elongation resulted in changes in tendon mechanical

properties, but that active tendon elongation decreased extensibility of muscle belly.
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