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Kubo, Keitaro, Yasuo Kawakami, and Tetsuo Fuku-
naga. Influence of elastic properties of tendon structures on
jump performance in humans. J. Appl. Physiol. 87(6): 2090–
2096, 1999.—The purpose of this study was to quantify the
elastic properties of tendon structures in vivo and to investi-
gate the influence of the tendon properties on jump perfor-
mance with and without countermovement. Elongation of the
tendon and aponeurosis of vastus lateralis muscle (dL) was
directly measured by ultrasonography while subjects (n 5 31)
performed ramp isometric knee extension up to the voluntary
maximum (MVC). The relationship between muscle force and
dL was fitted to a linear regression above 50% MVC, the slope
of which was defined as stiffness of the tendon structures.
Statistical analysis revealed no significant difference between
duplicated measurements of stiffness, with an interday reli-
ability of r 5 0.88 and a coefficient of variance of 6.1%.
Although the stiffness was not significantly related to abso-
lute jump height in either vertical jump, it was inversely
correlated with the difference in jump height between the
vertical jumps performed with and without countermove-
ment. The results suggested that the stiffness of tendon
structures has a favorable effect on stretch-shortening cycle
exercise, possibly due to adequate storage and recoil of elastic
energy.

vastus lateralis muscle; stiffness; ultrasonography; in vivo
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TENDON STRUCTURES (tendon and aponeurosis) have
been shown to be the major source of the series elastic
component. Although the importance of tendon struc-
tures and their influence on the mechanical perfor-
mance of muscle have been recognized, until recently
little attention has focused on the precise role of tendon
structures during human exercises (e.g., Ref. 6). The
elastic properties of tendon structures have so far been
determined on the basis of human cadaver and animal
experiments (4, 28). However, it is likely that tendon
structures in living humans differ substantially from
those of cadavers and animals both in dimensions and
mechanical properties due to differences in species and
age. Also, there may be large individual variations in
elastic properties of tendon structures, which are un-
known at present. Information on elastic properties of
tendon structures in vivo is therefore essential for the
understanding of the mechanisms of human exercises.

The stretch-shortening cycle (SSC) is a natural com-
ponent of muscle function in many daily activities, such
as running, jumping, and throwing. The SSC is defined
as a sequence of an eccentric muscle action immedi-

ately followed by a concentric muscle action. It is well
known that if an activated muscle is stretched before
shortening, its performance is enhanced during the
concentric phase. Many previous studies have indi-
cated that this phenomenon is purported to be the
result of strain energy stored in the tendon structures.
These notions indicate that SSC performance is influ-
enced by not only the force and power provided by the
muscles but also by the elastic properties of tendon
structures (e.g., Ref. 6). However, no report has so far
been available regarding the influences of tendon struc-
tures on SSC performance, which was tested experimen-
tally in humans. Also, the precise mechanism of SSC
exercise remains to be determined.

Recent progress in technology has made it possible to
study the dynamics of muscle-tendon complex (MTC) in
vivo with the use of ultrasonography (7, 9, 11–14).
Fukashiro et al. (7) and Ito et al. (12) proposed that one
can determine elastic properties of tendon structures in
vivo in humans from the observation of lengthening of
the tendon and aponeurosis during isometric ramp
contractions. However, the effects of tendon structures
on exercise performances as well as their individual
variations have not been studied. Recently, Kawakami
et al. (14) have shown that tendon elasticity plays an
important role even during isometric contractions. Ex-
ercise performance during SSC would be greatly influ-
enced by the tendon structures. The purpose of this
study was to quantify the elastic properties of tendon
structures in knee extensor muscles in vivo and to
investigate their influence on jump performance.

METHODS

Subjects

Thirty-one healthy men [age: 22.6 6 2.8 (SD) yr, height:
171.5 6 6.1 cm, weight: 69.2 6 5.8 kg] participated as
subjects. All subjects were volunteers; they were informed of
potential risks and benefits of testing protocols and gave their
written consent to participate. Testings were performed for
each subject on 2 separate days, with at least 1 wk between
sessions, but no longer than 4 wk were allowed to separate
two sessions.

Measurement of Elastic Properties of Tendon Structures

Measurement of muscle thickness. The ultrasonic appara-
tus (SSD-2000, Aloka) was used to determine muscle thick-
ness of quadriceps femoris muscles [vastus lateralis (VL),
vastus intermedius (VI), rectus femoris (RF)]. A single cross-
sectional image was obtained at a site 50% of thigh length
(distance from the greater trochanter to the lateral epicon-
dyle of the femur). At that level, mediolateral widths of RF
and VL were determined over the skin surface, and the
positions of one-half of these widths were used as measure-
ment sites for RF (including VI) and VL, respectively. The
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subcutaneous adipose tissue-muscle (RF) interface and the
muscle (VI)-bone interface were identified from the ultrasonic
image. Also, the subcutaneous adipose tissue-muscle (VL)
interface and VL-VI interface were identified from the ultra-
sonic image. The distances from the adipose tissue-RF inter-
face to the RF-VI interface, from the RF-VI interface to the
VI-bone interface, and from the adipose tissue-VL to VL-VI
were adopted as representative of the thickness of RF, VI, and
VL, respectively. The sum of thickness of three muscles (RF,
VI, and VL) was adopted as representative of muscle size of
the quadriceps femoris muscles [muscle thickness (MT)].

Measurement of force. Each subject was seated on the test
bench of a dynamometer (Myolet, Asics) with the hip-joint
angles of 80° flexed (full extension 0°). The axis of the lever
arm of the dynamometer was visually aligned with the center
of rotation of the knee joint. The right foot was firmly
attached to the lever arm of the dynamometer with a strap
and fixed with the knee-joint angles of 80° flexed (full
extension 0°). After a standardized warm-up and submaximal
contractions to accustom subjects to the tests, they exerted an
isometric knee extension torque from zero (relaxation) to
voluntary maximum (MVC) within 7 s. The measurement
was repeated twice per subject with at least 3 min between
trials. The mean of two peak values was calculated, and, if the
two values differed by .10%, the subject was requested to
perform a third. Torque signals were analog-to-digital con-
verted at a sampling rate of 1 kHz (MacLab/8, type ML780,
AD Instrument) and analyzed by a computer (Macintosh
Performa 630, Apple).

Measurement of elongation of tendon structures. A real-
time ultrasonic apparatus was also used to obtain a longitudi-
nal ultrasonic image of VL at the level of 50% of thigh length.
Precision and linearity of the image have been confirmed by
Kawakami et al. (13). The ultrasonic images were recorded on
a videotape at 30 Hz, synchronized with recordings of a clock
timer for subsequent analyses. The tester visually confirmed
the echoes from the aponeurosis and VL fascicles. The point
at which one fascicle was attached to the aponeurosis (P) was
visualized on the ultrasonic image. P moved proximally
during isometric torque development up to maximum (Fig. 1).
Ultrasonic images recorded on the videotape were printed
frame by frame every 33 ms onto calibrated recording films
(SSZ-305, Aloka). A marker (X) was placed between the skin
and the ultrasonic probe as the landmark to confirm that the
probe did not move during measurements. The cross-point
between superficial aponeurosis and fascicles did not move.
Therefore, the displacement of P (dL) is considered an
indication of the lengthening of the deep aponeurosis and the
distal tendon (7, 12).

Measurement of patellar excursion. In an additional experi-
ment, the patellar excursion during isometric contraction was
examined by using the radiograph. Two men, whose physical
characteristics were similar to those of the subjects, partici-
pated as subjects after providing informed consent. The leg
was radiographed from midthigh to midshank in the sagittal
plane at a knee joint position of ,80°. During the measure-
ment, the subjects contracted the knee extensors at several
force levels (0, 20, 30, 50, and 80% MVC). Furthermore, to test
the possibility of the movement of a probe with respect to the
femur during ultrasonic measurements, an antiradioactive
marker was attached to the skin at the level of 50% of thigh
length, and its movement was measured. On the basis of work
by Marshall et al. (19), the displacement of the superior
margin of the patella was used to approximate quadriceps
femoris muscle length changes.

Calculation of the elastic properties. The knee joint torque
measured by the dynamometer was converted to muscle force

(Fmus) by the following equations

Fmus 5 k ·Ft

Ft 5 TQ·MA21

where TQ is torque, Ft and k represent tendon force and relative
contribution of VL and VI to the quadriceps femoris muscles
in terms of physiological cross-sectional area (PCSA) (21),
respectively, and MA is the moment arm length of quadriceps
femoris muscles at 80° of knee flexion, estimated from the
thigh length of each subject as described by Visser et al. (24).

Fig. 1. Ultrasonic images of longitudinal sections of vastus lateralis
muscle during isometric contraction. Ultrasonic transducer was
placed on skin over muscle at 50% distance from the greater
trochanter to lateral epicondyle of the femur. X, marker between skin
and ultrasonic probe; VL, vastus lateralis; VI, vastus intermedius.
Cross-point (P) was determined from echoes of the deep aponeurosis
and fascicles. P moved proximally during isometric torque develop-
ment from 20% maximal voluntary contraction (MVC; P1) to maxi-
mum (100% MVC; P2). Distance traveled by P (dL) was defined as
length change of tendon and aponeurosis during contraction.
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The resulting Fmus-dL relationship was nonlinear in form,
as previously reported in animal and human tendons in vitro
(1, 4, 28). The initial region of the curve (toe region) was
characterized by a large increase in dL with increasing Fmus.
In the present study, the ratio of change in L (dL) to that in
Fmus (dFmus), dFmus/dL, was calculated at every 10% MVC (i.e.,
0–10, 10–20, . . ., 90–100% MVC). Furthermore, the linear
region, with an approximately constant modulus of elasticity
following the toe region, was used for the determination of
stiffness. This was done by fitting the plots by a linear
regression between 50 and 100% MVC, the slope of which was
adopted as stiffness (N/mm). The reason for the selection of
50% MVC as a starting point in calculating stiffness is
described in RESULTS.

The interday reliability of stiffness (tests 1 and 2) was
assessed in 14 subjects.

Measurement of jump performance. Each subject per-
formed two kinds of maximal vertical jumps on the force plate
(Kislter, 9281B) with and without countermovement, i.e.,
countermovement jump (CMJ) and squatting jump (SJ),
respectively. Subjects retained the ‘‘hands-on-hips’’ position
until the final phase of jumps. For the SJ, subjects were
positioned on the force plate with the knee angle at 90°. For
the CMJ, subjects stood erect before jumping and counter-
moved until the knee was flexed to 90°. These angles were
accurately controlled by the use of an electrogoniometer
(Penny and Giles). The subjects had adequate practices of
these two jumps before testing. For all tests, they were
instructed to jump for maximum height. By measuring the
flight time (Tair) from the force record, the vertical takeoff
velocity (Vv) of the center of gravity was calculated as follows
(16)

Vv 5 1⁄2 ·Tair ·g

where g is the acceleration of gravity (9.81 m/s2). Jump height
(Ht) can then be computed as

Ht 5 Vv
2 · (2 g)21

The test was repeated five times per subject, except trials
in which the knee angle differed by .5°, with at least 3 min
between trials. Three data sets, excluding the largest and
smallest values, were averaged. For the SJ, subjects were
positioned with the knee angle exactly at 90°. For the CMJ,
the knee angle at the lowest position was controlled at 91.1 6
1.7°. Thus the range of motion was considered identical
between CMJ and SJ.

The SSC performance was evaluated from the jump heights
of CMJ and SJ as an augmentation by a prior stretch (25)

Prestretch augmentation (%) 5 [(CMJ 2 SJ) ·SJ21] ·100

Statistics. Descriptive data include means 6 SD. The
interday reliability of stiffness (tests 1 and 2) was assessed by
a paired t-test, interclass correlations, and the coefficient of
variance. One-way ANOVA with repeated measures was used
to detect the significant effects of force level (%MVC) on the
dFmus/dL at every 10% MVC. In the event of significant
F-values in the ANOVA, Tukey’s post hoc test of critical
difference was used to locate significance between means.
Significant differences in jump performances between compli-
ant and stiff subjects (described in RESULTS) were studied by
an unpaired t-test. To assess the relationship between stiff-
ness and prestretch augmentation, Pearson product-moment
correlations were computed. The level of significance was set
at P , 0.05.

RESULTS

Figure 2 shows the relationship between Fmus and dL.
The mean stiffness was 143.8 6 28.3 N/mm. However,
there was considerable intersubject variability (104.1–
186.6 N/mm). Comparison of stiffness values between
tests 1 and 2 for 14 subjects revealed no significant
difference, an interclass correlation of r 5 0.88 (P ,
0.01), and a coefficient of variance of 6.1%.

Figure 3 shows the relationships between %MVC and
dFmus/dL at every 10% MVC. Although the dFmus/dL
tended to increase curvilinearly with increasing force,
the changes of dFmus/dL above 50% MVC did not
significantly differ from one other.

Figure 4 shows the patellar excursions during isomet-
ric contraction. The position of a marker attached to the
skin with respect to the femur did not change during
contractions. The patellar and tibial bones moved dur-
ing contraction but only at lower force levels (,50%
MVC). Furthermore, the distance between the patellar

Fig. 2. Relationships between muscle force (Fmus) and dL. Mean
stiffness was 143.8 6 28.3 N/mm. There was a considerable intersub-
ject variability (104.1–186.6 N/mm).

Fig. 3. Relationships between %MVC and dFmus-to-dL ratio (dFmus/
dL) at every 10% MVC. Although dFmus/dL tended to increase
curvilinearly with increasing force, changes in dFmus/dL above 50%
MVC did not significantly differ between each other. *Significant
increase in dFmus/dL with increasing force at P , 0.05.
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and tibial bones was constant during contraction. This
indicated that there was a slight knee extension at
levels ,50% MVC but not at levels above 50% MVC.
Therefore, dL values in a range between 50 and 100%
MVC were considered as indicating the elongation of
tendon structures, and stiffness was determined over
this range.

Correlation coefficients for the relationships between
the jump heights and measured variables are summa-
rized in Table 1. The jump height in both SJ and CMJ
was significantly correlated with the body weight, MT,
and the peak reaction force at the push-off phase
divided by body weight.

Correlation coefficients for the relationships between
the stiffness and measured variables are summarized
in Table 2. The stiffness was not significantly correlated
to MVC force and MT. In addition, the stiffness was not
significantly correlated with jump heights and the peak
relative reaction force at the push-off phase in both SJ
and CMJ.

On the basis of stiffness, subjects were divided into
compliant (n 5 16; stiffness , average of 31 subjects,
143.8 N/mm) and stiff (n 5 15; stiffness . 143.8 N/mm)
groups. These two groups were compared with respect
to the measured variables (Table 3). There are no
significant differences in physical characteristics (body
height and body weight), MT, and MVC force between
two groups.

Figure 5 shows the relationship between Fmus and dL
in both groups. The dL in the compliant group tended to
be greater than that in the stiff group. This difference
was statistically significant near MVC. The average
stiffness was significantly lower in the compliant group
(118.9 6 13.9 N/mm) than in the stiff group (167.1 6
15.6 N/mm). Although there are no significant differ-
ences between the stiff and compliant groups in jump
height in either SJ or CMJ, the prestretch augmenta-
tion was significantly greater in the compliant group
(13.8 6 5.9%) than in the stiff group (7.6 6 2.9%).
Furthermore, although stiffness was not significantly
related to jump height in vertical jumps either with or
without prior stretch, it was inversely correlated with
the percent differences between two jumps (r 5 0.46,
P , 0.05, Table 3).

DISCUSSION

One of the purposes of this study was to quantify the
elastic properties of tendon structures in vivo. The
Fmus-dL relationships in the present study are quite
similar to those previously reported using animal and
human cadaver tendons in vitro (1, 4, 28). In the
present study the stiffness was 143.8 6 28.3 N/mm on
average, with significant individual differences. These
values lie among the reported values determined in
vitro. However, there is much larger variability in the
previously reported tendon stiffness, ranging between
7.5 and 2,400 N/mm (3, 10, 18). One of the reasons for
this large variability is the difference in size between
materials tested. To make more accurate comparisons,
the present Fmus-dL relationship should be converted to

Fig. 4. Patellar excursions during isometric contraction. k, subject 1;
cross, subject 2. There were slight patellar excursions at levels ,50%
MVC but not at levels .50% MVC.

Table 1. Correlation coefficients between jump heights
and measured variables

Variable SJ Height CMJ Height

Body height 20.07 20.08
Body mass 0.42* 0.45*
Muscle thickness 0.43* 0.47*
MVC 0.34 0.33
Stiffness 0.18 0.07
Peak force at push-off phase 0.75* 0.74*

SJ, squatting jump; CMJ, countermovement jump; MVC, maximal
voluntary contraction. *P , 0.05.

Table 2. Correlation coefficients between stiffness and
measured variables

Measured Variable Coefficient (r)

Muscle thickness 20.07
MVC 0.12
Peak force at push-off phase in SJ 0.12
SJ height 0.18
Peak force at push-off phase in CMJ 20.05
CMJ height 0.07
Prestretch augmentation 20.46*

*P , 0.05.

Table 3. Comparison of data for compliant
and stiff groups

Variable
Compliant

(n515)
Stiff

(n516)

Stiffness, N/mm 118.9612.4* 167.1615.6
Body height, cm 171.165.6 170.565.0
Body weight, kg 66.769.6 64.168.2
Muscle thickness, mm 87.769.1 87.867.4
MVC, N·m 251.0646.9 243.1639.1
Peak force in SJ, N/kg 2.460.2 2.460.4
SJ height, cm 30.864.9 33.767.2
Peak force in CMJ, N/kg 2.460.2 2.360.3
CMJ height, cm 34.865.6 36.267.9
Prestretch augmentation, % 13.865.9* 7.662.9

Values are means 6 SD. n, No. of subjects. *Significant difference
between compliant and stiff groups, P , 0.05.
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a stress-strain relationship to account for dimensional
differences. For this purpose, cross-sectional area and
length of the tendon were obtained from a previous
report (200 mm2 for the quadriceps tendon; Ref. 29) and
from the distance between the measurement site and
estimated insertion of the muscle over the skin. Young’s
modulus, i.e., the slope of the stress-strain curve, was
0.25 GPa, which tended to be lower than the previously
reported values for human tendon, ranging between 0.6
and 1.8 GPa (1, 4, 23).

There are two reasons for this discrepancy. One is
that the previous reports were based on tendon failure
tests, the load of which far exceeded the physiological
range (2%; Refs. 17, 30). Lieber (17) reported that
tendon Young’s modulus at maximal isometric tension
was 0.188 GPa, which is also less than the modulus
reported for most mammalian and human cadaver
tendons. The present value was comparable to those in
the above studies, suggesting that in the physiological
range, only part of the stress-strain relationship is
used. The other reason is that the low Young’s modulus
in vivo is due to the compliance of ‘‘aponeurosis.’’ The
tendon structures are separated into the outer tendon
and aponeurosis, the latter having been shown to be
much more compliant than the former (17). Recent
reports by Narici et al. (20) on the human medial
gastrocnemius muscle and Ichinose et al. (11) on the
human VL showed shortening of muscle fibers (,30%)
during ‘‘isometric’’ contractions in vivo. These observa-
tions suggest that human tendon and aponeurosis are
considerably compliant. Numerous studies have inves-
tigated the outer tendon (4, 28), but only few studies
have directly tested the aponeurosis (17, 31). These
studies indicated that aponeurosis has a strain four
times larger than that of the outer tendon, which
greatly influences the dynamics of muscle fibers (17,
31). Furthermore, Roberts et al. (22) stated that most of
energy storage in running turkeys must have occurred
in the aponeurosis, thus suggesting that the large

extensibility of the aponeurosis has been shown to be
used in making muscle contractions more efficient
during movement. Common stiffness and Young’s modu-
lus, often obtained by averaging cadaveric data, have so
far been used to study dynamics of MTC during human
exercises (8, 23). However, the present results indicate
that the elastic properties of tendon structures in vivo are
more compliant, with significant individual variance.

To calculate Fmus, we estimated moment arm length
and relative contribution of VL and VI to the quadri-
ceps femoris muscles in terms of PCSA. Because Willan
et al. (26) found a fusion of VL and VI, we treated these
two muscles as a single unit that caused dL. The
variation in moment arm length among subjects might
have caused the large variability in stiffness. Further-
more, the moment arm length of individual quadriceps
femoris muscles might be different and change with
increasing Fmus. These concerns are presently being
studied in our laboratory. With respect to the contribu-
tion of VL and VI to tendon force, there were significant
correlations among MTs of three muscles (RF vs. VL,
r 5 0.73; VI vs. VL, r 5 0.79; and RF vs. VI, r 5 0.71). In
addition, the VL thickness was independent of relative
thickness of RF/VL and VI/VL ratios. Also, there were
no significant differences in MT and RF/VL and VI/VL
ratios between compliant and stiff groups. Therefore,
we considered that these assumptions of common moment
arm length and PCSA ratio in calculating Fmus were
justified, at least for studying intersubject variability.

The second purpose of this study was to confirm
experimentally the effect of tendon structures on SSC
(jump) performance. The jump height in both SJ and
CMJ were significantly correlated with body weight,
MT, and the relative peak reaction force at the push-off
phase. These results would indicate that the jump
height in both SJ and CMJ depended on the muscle
volume and the force during ballistic movement. On the
other hand, stiffness was independent of physical char-
acteristics and Fmus. To examine the influence of stiff-
ness on jump performance, the subjects were divided
into stiff and compliant groups, and a number of
performance-related variables were compared. Body
weight, MT, MVC, and the peak reaction force at the
push-off phase, which were highly correlated with jump
heights, were not significantly different between two
groups. In other words, these two groups had similar
muscle mass and strength.

An interesting finding of this study was that the
prestretch augmentation was significantly greater in
the compliant than in the stiff group. Furthermore,
although stiffness was not significantly related to jump
height in the vertical jump either with or without prior
stretch, it was inversely correlated with the difference
between the two jumps. These results would indicate
that the prestretch effect was more pronounced in the
subjects with more compliant tendon structures, which
supports previous studies that suggested the influence
of tendon structures on SSC performance (e.g., Refs. 6,
16). Cavagna (6) suggested that, compared with a
stiffer MTC, a more compliant MTC is better able to
utilize elastic energy, allowing for a greater perfor-

Fig. 5. Relationships between Fmus and dL for compliant (k) and stiff
groups (p). On the basis of stiffness, subjects were divided into
compliant (n 5 16, stiffness , average of 31 subjects, 143.8 N/mm)
and stiff (n 5 15, stiffness . 143.8 N/mm) groups. *Significant
difference between compliant and stiff groups at P , 0.05.
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mance during SSC. According to the correlation coeffi-
cient of r 5 0.46 between stiffness and prestretch
augmentation, the elastic properties of tendon struc-
tures in VL could account for 21% of the variance in the
augmentation. The remaining 79% might be accounted
for by the differences of hip- and ankle-joint move-
ments, the contribution of other muscle groups to knee
extension, and the jumping technique. Kilani et al. (15)
stated that the myoelectric responses accounted for up
to 85% of the increase in jump height after a counter-
movement. However, we cannot argue muscle activa-
tion from the present results because we did not
measure electromyographic activity.

The present results suggest that the elastic proper-
ties of tendon structures enhance the vertical jump
with, rather than without, the countermovement. This
suggestion is based on two assumptions. First, stiffness
was similar in the isometric tests and in the jumps.
Second, muscle activation during SJ and CMJ was
comparable. The relative force level during jumping
might be different among subjects and between SJ and
CMJ, which might explain some variations in the
present data. Anderson and Pandy (2) reported that the
quadriceps femoris and hamstrings developed much
larger forces during CMJ compared with during SJ,
accompanied by substantial differences in electromyo-
graphic activities. They concluded that an increase in
Fmus in the proximal extensors did not result in a large
increase in the amount of elastic energy stored during
CMJ, because the more proximal muscles have tendons
that are relatively short and stiff. However, the present
results indicated that VL tendon structures were consid-
erably compliant. Therefore, the elastic energy stored
in tendon structures of VL would have contributed to
the jump performance during CMJ.

Recently, Walshe et al. (25) and Wilson et al. (27)
determined musculotendinous stiffness by using the
damped oscillation technique, in which MTC was mod-
eled in a damped spring system. Wilson et al. (27) found
a high correlation (r 5 0.718, P , 0.01) between
maximal series elastic component stiffness and augmen-
tation of concentric performance after prior stretch of
the ‘‘upper body’’ musculature in a bench press. Simi-
larly, Walshe et al. (25) also reported that maximal
stiffness in the ‘‘lower body’’ was inversely related to the
percent difference between vertical jumps with and
without prior stretch (r 5 0.54). They concluded that a
compliant system has a greater capacity for work
according to more optimal length-tension and force-
velocity relationships during SSC. In the present study,
there was also a similar relationship between stiffness
and SSC performance. Taken together, these results
would indicate that a compliant system is more efficient
in utilizing elastic strain energy during SSC. In other
words, more compliant subjects would benefit from
enhanced tendon recoil and more advantageous force-
velocity and length-tension properties of the working
muscles.

There is a possibility that muscle fiber composition
has some influence on jump performance. Bosco et al.
(5) found that there were significant correlations be-

tween jump height and muscle fiber composition. They
argued that fast-twitch fibers in their knee extensor
muscles could use more elastic energy storage in verti-
cal jumps. However, the present results would be
strongly associated with the tendon structures, not
with muscle fiber composition. The reason for this idea
was that there were no significant differences between
the two groups in jump height and relative peak
reaction force at the push-off phase. Furthermore, both
groups included some sprinters (possibly having higher
%fast-twitch fibers) and distance runners (possibly
having higher %slow-twitch fibers). Therefore, al-
though the possibility of the influence of muscle fiber
composition on jump performance cannot be excluded,
it seems reasonable to suppose that the elastic proper-
ties of tendon structures considerably affect the differ-
ences in vertical jump height with and without counter-
movement.

In conclusion, the present study showed that using
ultrasonography made it possible to quantify the elas-
tic properties of tendon structures in vivo in humans.
Furthermore, the present findings underlined the possi-
bility that SSC performance was significantly affected
by the stiffness of tendon structures. The elastic proper-
ties of tendon structures could be a new index of
physical resources.
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