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Effects of resistance and stretching training programmes on
the viscoelastic properties of human tendon structures in vivo

Keitaro Kubo, Hiroaki Kanehisa and Tetsuo Fukunaga

Department of Life Science (Sports Sciences), University of Tokyo, Komaba 3-8-1, Meguro, Tokyo, Japan

The present study examined whether resistance and stretching training programmes altered the
viscoelastic properties of human tendon structures in vivo. Eight subjects completed 8 weeks (4 days
per week) of resistance training which consisted of unilateral plantar flexion at 70 % of one
repetition maximum with 10 repetitions per set (5 sets per day). They performed resistance training
(RT) on one side and resistance training and static stretching training (RST; 10 min per day, 7 days
per week) on the other side. Before and after training, the elongation of the tendon structures in the
medial gastrocnemius muscle was directly measured using ultrasonography, while the subjects
performed ramp isometric plantar flexion up to the voluntary maximum, followed by a ramp
relaxation. The relationship between estimated muscle force (F,,) and tendon elongation (L) was
fitted to a linear regression, the slope of which was defined as stiffness. The hysteresis was calculated
as the ratio of the area within the F,—L loop to the area beneath the load portion of the curve. The
stiffness increased significantly by 18.8 = 10.4 % for RT and 15.3 £ 9.3 % for RST. There was no
significant difference in the relative increase of stiffness between RT and RST. The hysteresis, on the
other hand, decreased 17 * 20 % for RST, but was unchanged for RT. These results suggested that
the resistance training increased the stiffness of tendon structures as well as muscle strength and
size, and the stretching training affected the viscosity of tendon structures but not the elasticity.
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Resistance training is generally expected to cause an
increase in muscle strength and muscle mass. A number of
studies have demonstrated that resistance training
increases muscle size and strength (e.g. Narici ef al. 1996;
Kubo et al. 2001d). These effects would be caused by the
‘overload’ of the resistance training on muscle and tendon.
Therefore, the properties and dimension of human tendon
structures may be changeable through the execution of
regular exercise. However, we have little knowledge of the
influences of resistance training on human tendon
structures.

Many previous studies have demonstrated that the
maximum range of motion, i.e. flexibility, increased after
stretching training (Wilson et al. 1992; Magnusson et al.
1996). In addition, Toft et al. (1989) found a 36 % decrease
in passive tension of plantar flexors following a 3 week
stretching programme. However, the mechanisms for the
acute and chronic changes in joint range of motion and/or
passive tension remain ambiguous. Further, Wilson et al.
(1992), who applied a damped oscillation technique to
determine the stiffness of the upper limbs, showed that the
rebound bench press performance enhancement observed
consequent to flexibility training was caused by a
reduction in stiffness of muscle—tendon units, increasing
the utilization of elastic strain energy during the rebound

bench press lift. Taken together, these previous results
would indicate that the stretching training made the
viscoelastic properties of tendon structures change.
However, no attempt has been made to investigate the
influences of stretching on the properties of human
tendon structures in vivo.

Resistance training and stretching have been commonly
used for increasing performance during various human
movements. Although the resistance and stretching
training regimens would affect the biomechanical
properties of muscle and tendon, many previous studies
have shown changes in the dimensions and properties of
the muscle component only (e.g. Magnusson et al. 1996;
Narici et al. 1996). Recently, some researchers have
indicated that the tendon properties affect the various
human movements, especially stretch-shortening cycle
exercises (Kubo et al. 1999, 2000b). However, we have little
knowledge of the influences of these exercise programmes
on human tendon structures, compared to the muscle
component.

Recent reports have shown that ultrasonography can be
used to determine the stiffness and hysteresis of human
tendon structures in vivo (Maganaris & Paul, 1999; Kubo et
al. 1999, 2000a,b, 2001a—g; Magnusson ef al. 2001).
Further, we showed that the execution of either muscle
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contractions or stretching changed transiently the tendon
properties (Kubo et al. 2001e,f,g). Therefore, it is likely that
the tendon properties will be changeable through regular
resistance and/or stretching exercises. The present study
examined whether resistance and stretching training
programmes altered the viscoelastic properties of human
tendon structures in vivo.

METHODS

Subjects

Eight healthy males (age 21 + 2 years, height 172 £ 4 cm, weight
64 £ 6 kg; means + 5.0.) participated as subjects. At the time of
data collection, the subjects participated in recreational sports but
had experienced neither any strength training nor any flexibility
training programmes. The subjects were fully informed of the
procedures to be utilized as well as the purpose of this study and
gave written consent. This study confirmed to the Declaration of
Helsinki and was approved by the office of the Department of
Sports Sciences, University of Tokyo.

Magnetic resonance imaging

Measurements of muscle and tendon cross-sectional area (CSA)
were carried out by magnetic resonance imaging scans (AIRIS II,
Hitachi Medical Corp., Tokyo, Japan). T1-weighted spin-echo,
axial-plane imaging was performed with the following parameters:
TR 850 ms, TE 25 ms, matrix 256 X 256, field of view 250 mm,
slice thickness 10 mm, and interslice gap 0 mm. The subjects were
imaged in a spine position with the knee and ankle kept at 180 deg
(full extension) and 0 deg (anatomical position), respectively.
During the scanning, the subject lay supine with the base of the
foot resting on a polystyrene block to maintain an ankle angle of
0 deg. The number of sections obtained for each subject was
42-47. The muscles investigated were m. medial gastrocnemius
(MG), m. lateral gastocnemius (LG), and m. soleus (SOL). From
the axial image, outlines of each muscle were traced, and the
traced images were transferred to a Macintosh computer (Power
Macintosh 7200/120, Apple Computer) for calculation of the CSA
using the public domain National Institutes of Health (NIH)
Image software package (v. 1.61/ppc). The muscle volume was
determined by multiplying the anatomical CSA of each image by
the thickness (10 mm). In addition, the measurement of tendon
CSA was taken at two positions (one above the calcareous and the
other at 10 mm proximal from the calcareous), although it was
rather difficult to distinguish between tendon structures and other
tissues in MRI images. The average of CSA at two positions was
calculated as the representative of tendon CSA.

The repeatability for the muscle volume and tendon CSA
measurements was investigated on two separate days in a
preliminary study with six young males. There were no significant
differences between the test and retest values of the muscle volume
and tendon CSA. The test—retest correlation coefficient (r) was
0.92 for the muscle volume and 0.97 for the tendon CSA. The
coefficients of variance were 2.4% for the muscle volume and
1.5 % for the tendon CSA.

Measurement of viscoelastic properties of tendon structures
The subject lay prone on a test bench and the waist and shoulders
were secured by adjustable lap belts and held in position. The right
ankle joint was set at 0 deg (anatomical position) with the knee
joint at full extension and the foot was securely strapped to a
footplate connected to the lever arm of the dynamometer
(Myoret, Asics, Japan). Prior to the test, the subject performed a
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standardized warm-up and submaximal contractions to become
accustomed to the test procedure. The subject was instructed to
develop a gradually increasing force from relaxed to maximal
voluntary contraction (MVC) within 5 s, followed by a gradual
relaxation within 5 s. The task was repeated two times per subject
with at least 3 min between trials. Torque signals were A/D
converted at a sampling rate of 1 kHz (MacLab/8, type ML780,
ADInstruments, Japan) and analysed by a personal computer
(Power Macintosh 7200/120). The measured values that are
shown below are the means of two trials.

A real-time ultrasonic apparatus (SSD-2000, Aloka, Japan) with
an electronic linear-array probe (7.5 MHz wave frequency with
60 mm scanning length; UST 5047-5, Aloka) was used to obtain a
longitudinal ultrasonic image of MG at the level of 30% of the
lower leg length, i.e. from the popliteal crease to the centre of the
lateral malleolus. The width and depth resolutions of ultra-
sonography with this probe were 0.67 and 0.4 mm, respectively.
The ultrasonic images were recorded on videotape at 30 Hz,
synchronized with recordings of a clock timer for subsequent
analyses. The tester visually confirmed the echoes from the
aponeurosis and MG 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 the maximum (Fig. 1). 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 (L) is considered to indicate the
lengthening of the deep aponeurosis and the distal tendon (Kubo
etal. 1999,2001f).

The measured torque (TQ) during isometric plantar flexion was
converted to muscle force (F,,) by the following equation:

F,=kxTQx MA™,

where k (0.18 £ 0.03) is the relative contribution of MG to the
plantar flexor muscles in terms of the ratio of the muscle volume,
and MA (50.6 £ 1.9 mm) is the moment arm length of triceps
surae muscles at 0 deg of ankle joint, which was estimated from the
lower leg length of each subject as described by Visser et al. (1990).

As reported in previous studies using animal and human cadavers
(e.g. Woo et al. 1981), the F,—L relation in the tendon structure
was curvilinear, consisting of an initial region (toe region)
characterized by a large increase in L with increasing force and a
linear region immediately after the toe region. In the present
study, therefore, the F,, and L values above 50 % of MVC were
fitted to a linear regression equation, the slope of which was
adopted as stiffness (Kubo et al. 1999, 2001f ).

The F,—L curves during the ascending and descending phases of
force development produced a loop. In the present study, the area
under each of the curves under both the ascending and descending
phases was calculated. Then, the ratio of the area within the F,—L
loop (elastic energy dissipated) to the area beneath the curve
during the ascending phase (elastic energy input) was calculated as
hysteresis (Kubo et al. 2001f ).

The test—retest correlation coefficient (r) was 0.89 for stiffness and
0.85 for hysteresis. The coefficient of variation was 5.6 % for
stiffness and 10.2 % for hysteresis.

Measurement of flexibility
To assess the flexibility, the joint angle and the passive torque were
measured during a passive stretch of the triceps surae muscles.
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The posture of the subject and the set-up were similar to those for
the measurement of tendon properties mentioned above. The
subjects did not warm-up before the stretch manoeuvre. The right
ankle joint was set at 0 deg (anatomical position) with the knee
joint at full extension and the foot was securely strapped to a
footplate connected to the lever arm of the dynamometer. The
platform of the dynamometer, which was attached to the sole of
the subject’s foot, was moved to 25 deg of dorsiflexion with a
constant velocity of 5 deg s™'. The passive torque (Nm) during the
stretching was detected by the dynamometer. Throughout the
stretching, the subjects were requested to relax completely and not
offer any voluntary resistance. The passive torque, joint angle and
electromyographic activity of triceps surae muscles (see below)
were continuously recorded over the entire range of stretch
manoeuvres. The slope of the portion of the passive torque—angle
curve from 15 to 25 deg was defined as the flexibility index (Kubo
etal. 2001D).

The repeatability for the flexibility measurement was investigated
on two separate days in a preliminary study with six of the
subjects. There were no significant differences between the test
and retest values of the flexibility index. The test-retest correlation
coefficient (r) and the coefficients of variance were 0.97 and 1.6 %,
respectively.

Measurement of electromyogram

The electromyographic activity (EMG) was recorded during the
ramp isometric contraction (i.e. measurement of tendon
properties) and during the passive stretch (i.e. measurement of
flexibility). Bipolar surface electrodes (5 mm in diameter) were
placed over the bellies of MG, LG, SOL and tibialis anterior (TA)
with a constant interelectrode distance of 25 mm. The positions of
the electrodes were marked on the skin by small ink dots. These
stained dots ensured the same electrode positioning in each test
during the experimental period. The EMG signals were transmitted
to a computer (Power Macintosh 7200/120) at a sampling rate of
1 kHz. The EMG was full-wave rectified and integrated for the
duration of the contraction and passive stretch to give an
integrated EMG (iEMG).
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Training

Subjects performed resistance training (RT) on one side and
resistance training and static stretching training (RST) on the
other side. In each subject, the right and left legs were randomly
allocated to the training protocols.

Resistance training. Subjects performed isotonic resistance
training of plantar flexor muscles on both sides. Using a
horizontal leg press training device (VR-4100, Cybex Corp.,
USA), they completed 8 weeks (4 days per week) of resistance
training which consisted of unilateral plantar flexion at 70 % of
one repetition maximum with 10 repetitions per set (5 sets per
day). The exercise was done with the range of motion for fully
dorsiflexed position to fully plantar flexed position. The
measurement of one repetition maximum was made every
2 weeks to adjust the training load.

Stretching training. On the resistance and stretching training
side, the subjects performed stretching training in addition to the
resistance training. The stretch manoeuvre was performed at
35 deg of dorsiflexion with the ankle joint in the standing position
with the stretch leg in a straight position and the hip in neutral
rotation. Each session consisted of five stretches for 45 switha 15s
rest in between. Subjects performed two sessions daily 7 days per
week. Two sessions, one in the morning and one in the afternoon,
were performed on a daily basis for 8 weeks. Warm-up was not
included before stretching training. However, on the days when
resistance training was performed, the stretching session was
always performed before and after the resistance training session.

Statistics

Descriptive data are expressed as means + s.p. The significance of
difference between before and after training was analysed by
Student’s ¢ test. One-way analysis of variance (ANOVA) was used
for the comparison between two conditions. If the F statistic of the
analysis of variance was significant, differences between two
conditions were assessed by a Scheffé’s test. The level of
significance was setat P < 0.05.

10 mm

Figure 1. Ultrasonic images of longitudinal sections of medial gastrocnemius muscle during

isometric contraction

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 (P) was determined from the echoes of the deep
aponeurosis and fascicles. P moved proximally during isometric torque development from rest (P,) to 50 %
MVC (P,). The distance traveled by P (L) was defined as the length change of tendon and aponeurosis during

contraction.
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RESULTS

The muscle volume of the triceps surae muscles increased
significantly from 818 + 29 cm’ to 843 +35cm’ (2.9 +
1.4%) for RT and from 824 + 36 cm’ to 847 + 31 cm’
(3.1 £1.7%) for RST. No significant difference in the
relative increase of muscle volume was found between RT
and RST. There were no significant differences in the
relative increase in the muscle volume among the
constituents of the triceps surae muscles (Fig. 2).
Furthermore, no significant change in the Achilles’ tendon
CSA was found between the two protocols (Table 1).

Figure 3 shows the relationships between F,, and L before
and after training. There were no significant differences in
the activation levels (iEMG) of each plantar flexor muscle
before and after training (Table 2). In addition, we also

5
RT

Relative changes in muscle volume (%)

Relative changes in muscle volume (%)

1
MG LG SOL
Figure 2. The relative changes in the muscle volumes of
m. medial gastrocnemius (MG), m. lateral gastrocnemius
(LG) and m. soleus (SOL) before and after resistance
training for 8 weeks
All the muscle volumes increased significantly. However, there
seemed to be no differences in the degree of increase in the muscle
volumes among the plantar flexor muscles.
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confirmed that little co-contraction of TA (< 10% of
MVC) occurred during plantar flexion. The MVC value
increased significantly by 19.3 £ 12.8 % (P < 0.01) for RT
and 17.0+6.5% (P<0.01) for RST. Both protocols
produced no significant differences in the L values at all the
force production levels between before and after training.
For the RST side, on the other hand, the F,—L loop tended
to become smaller after training (Fig. 4). The measured
viscoelastic parameters are shown in Table 1. The stiffness
increased by 18.8+10.4% (P=0.04) for RT and
15.3 £ 9.3% (P = 0.03) for RST. There was no significant
difference in the relative increase of stiffness between RT
and RST. The hysteresis, on the other hand, decreased by
17 + 20 % for RST (P = 0.09), but was unchanged for RT.

The relationship between passive torque and ankle joint
angle during the passive stretch is shown in Fig. 5. During
the stretching, EMG activities of all the muscles tested were
very small (< 1% of MVC), which confirmed the lack of
contribution from the contractile component to the
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Figure 3. The relationships between F,, and L in RT and
RST

For both sides, there were no significant differences in L values at
any force levels.



J. Physiol. 538.1 Effects of resistance and stretching training on tendon properties 223

Table 1. Measured variables before and after training

RT RST
Before After Before After
MVC (Nm) 106 (20) 128 (17) * 105 (16) 124 (15)*
Ly (mm) 24.2(2.4) 25.6(3.2) 23.3(3.4) 23.6(2.9)
Stiffness (N mm™") 25.6(9.0)  33.6(9.9)* 26.5 (5.5) 32.8(7.1)*
Hysteresis (%) 17.7(9.2) 16.5(9.4) 18.7(10.3) 11.4(5.9)
Tendon CSA (mm?) 61(9) 59 (8) 58 (11) 60 (7)

Flexibility index (Nm deg™)  1.058 (0.314) 1.187(0.333)*  1.057(0.193) 1.112(0.233)

Data are means (s.D.). * Significantly different from Before (P < 0.05).

Table 2. The iEMG values (mV s) during ramp isometric contraction

RT RST
Before After Before After
MG 1.34(0.41) 1.45(0.46) 1.37(0.46) 1.44(0.49)
LG 154(0.33) 1.59(0.27) 1.54(0.31)  1.60(0.27)
SOL  1.47(0.39) 1.53(0.40)  1.48(0.42)  1.54(0.35)
TA 0.11(0.02) 0.10(0.02)  0.10(0.04)  0.12(0.02)

Dataaremeans (S.D.). There are no significant differences between Before and After. MG, medial
gastrocnemius; LG, lateral gastrocnemius; SOL, soleus; TA, tibialis anterior.

measured resistance to stretch. On the RST side, therewere  DISCUSSION
no significant differences in the passive torque values
before and after training at any ankle angle. For the RT
side, the passive torque values at all ankle angles increased
significantly after training. The flexibility index value
increased significantly by 13.7 + 8.9% (P = 0.02) for RT,
but was unchanged for RST (P = 0.26) (Table 1).

The intent of the present study was to examine whether the
viscoelastic properties of tendon structures were altered
with resistance training alone or with resistance training
coupled with flexibility training. Both training protocols
resulted in an increment of stiffness of tendon structures,
although the addition of flexibility training to the isotonic
training regimen did not significantly change this result.
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Furthermore, the added stretching training decreased the
hysteresis of tendon structures and prevented the increase
in the flexibility index;, i.e. the slope of the linear portion in
the passive torque—angle curve, by resistance training.

The F.—L relation should be converted to a stress—strain
relation to determine accurately the effect of training on
the tendon structures. In this study, no significant change
in the tendon CSA was found after training (Table 1). Most
of the previous studies using animals have documented
that no change in the size of tendons is induced by
immobilization (Amiel et al. 1982; Almeida-Silveira et al.
2000) or training (Rollhauser, 1954; Viidik, 1972; Woo et
al. 1981). With regard to human tendon, Kubo et al.
(2001d) observed that the quadriceps femoris tendon CSA
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Figure 5. The relationship between passive torque and
ankle joint angle during the passive stretch of the triceps
surae muscle in RT and RST

For the RT side, the passive torque values at all ankle angles
increased significantly after training. On the RST side, there were
no significant differences in the passive torque values at any ankle
angles. * Significantly greater than Before at P < 0.05.
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did not change after 12 weeks of isometric knee extension
training. Therefore, it is likely that the Achilles’ tendon did
not change its mass and/or collagen concentration in the
8 weeks of training. The mechanisms which resulted in the
increase in the stiffness remain in question, although the
training did not induce a significant hypertrophic change
in the Achilles’ tendon. To explain the increased stiffness,
it might be hypothesized that the training induced changes
in the internal structures of the tendon and/or aponeurosis.
Rollhauser (1954) pointed out that, as a result of 42 days of
training in pigs, the only way in which mature tendons
could make positive responses to the chronic exercise was
to improve the internal structures of the tendons. Further,
the variability of the mechanical quality of collagen
originates from differences in either the cross-link pattern
of the collagen or the structure and packing of the collagen
fibres (Danielsen & Andereassen, 1988). Considering these
findings, this justifies further discussion of the changes in
the viscoelasticity of the tendon structures after training
using the F,—L relationship instead of the stress—strain
relationship.

In the present study, the isotonic training stimulus was
sufficient to produce a training effect on the tendon
stiffness. However, the relative increase of stiffness
(16-19%) tended to be lower than the previously
published result using isometric knee extension training
(58 %; Kubo etal. 20014d). Similarly, the increases of muscle
strength (17-19 %) and muscle volume (2.9-3.1 %) were
lower than that in knee extensors (e.g. Narici et al. 1996;
Kubo etal. 2001d). Weiss et al. (1996) showed that 8 weeks
of heavy resistance training involving the triceps surae
muscles increased isotonic muscle strength by about 13 %
withouta concurrent increase in muscularity. McCarthy et
al. (1997) also reported that the muscle volume of the
plantar flexors increased by 3.8% after 12 weeks of
resistance training. Although the reasons for these
discrepancies are unknown, there are two possible
explanations. Firstly, these discrepancies may be due to the
differing muscle groups. Recently, we reported that the
elasticity of tendon structures in knee extensors was more
compliant in sprinters than in untrained men, but those in
plantar flexors was not (Kubo et al. 20000). In addition, the
decrease in stiffness after bed rest for 3 weeks tended to be
lower in plantar flexors (14 %) than in knee extensors
(33%) (Kubo et al. 2000a; authors’ unpublished data).
Therefore, these discrepancies may be due to the differing
daily activity levels between knee extensors and plantar
flexors. Secondly, these discrepancies may be due to the
differing training modes. In the present study, subjects
performed the isotonic training at slow velocity
contractions (about 30 deg s™'). Our recent study, on the
other hand, showed that the stiffness of tendon structures
in knee extensors increased after 12 weeks of the isometric
training (Kubo et al. 2001d). Furthermore, another type of
isometric training (short duration of muscle contraction)
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characterized as a training of a ‘ballistic’ or ‘explosive’ type
did not increase the stiffness of tendon structures (Kubo et
al. 2001c). This type of isometric training has a similar
effect on the velocity—torque relation to that produced by
dynamic resistance training at high velocity contractions,
i.e. a predominant increase in torque at the higher
contraction velocities (Behm & Sale, 1993). Hence, it
might be assumed that the dynamic contraction mode did
not change the tendon stiffness. In any case, further
investigations are needed to clarify this point.

Muscle force and stiffness in this study tended to be lower
than the previously reported values for human tendon in
vivo (Magnusson et al. 2001). With regard to the calculation
of stiffness, we adopted the slope of the F,~L relationship
during 50-100 % MVC, although Magnusson et al. (2001)
obtained the slope of the F,—L relationship during
90-100% MVC. Furthermore, Magnusson et al. (2001)
calculated ‘Achilles’ tendon force’, although we calculated
‘muscle force of MG’. In the present study, tendon stress at
MVC (tendon force/tendon CSA: before, 28 MPa; after,
34 MPa) was in agreement with the findings of Maganaris
& Paul (1999) and Magnusson et al. (2001). On the other
hand, our recent observations showed that Young’s
modulus values of human tendon structures in vivo were
250-430 MPa (Kubo et al 1999, 20014,), but
substantially lower than those previously reported for
animal tendons (Woo et al. 1981; Almeida-Silveira et al.
2000). This discrepancy can be attributed to the fact that
Young’s modulus values determined in our studies
represent the elasticity of both outer tendon and
aponeurosis, while the above quoted research on Young’s
modulus investigated the outer tendon only (Woo et al.
1981; Almeida-Silveira et al. 2000).

In previous human isometric tests, the joint angle has been
assumed to be constant without directly monitoring the
joint angle. Thus, since isometric contraction of muscle
about a joint will produce more or less angular joint
rotation in the direction of the intended movement, the
resulting tendon and aponeurosis displacement is the
result of displacement attributed to both joint angular
rotation and contractile tensile loading. Magnusson et al.
(2001) demonstrated the importance of accounting for
even small amounts of joint motion: despite a rigid frame
that was adjusted separately for each subject, the average
plantar flexion motion was 3.6 deg, which resulted in an
overestimation of the displacement. However, it seems
reasonable to suppose that there was no difference in this
kind of error between before and after training. In the
present study, therefore, we may say that a slight
overestimation of the displacement in ankle joint would
not affect the present result.

Both training protocols produced a significant increase in
the stiffness of tendon structures, 19 % for RT and 15 % for
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RST. However, the additional flexibility training prevented
an increase in the flexibility index by the isotonic strength
training. Recently, we reported an acute change in stiffness
after the static stretching, but this change was relatively
small (—8.9%; Kubo et al. 2001f). Furthermore, the
stretching training for 3 weeks did not decrease the
stiffness but did decrease the flexibility index (Kubo et al.
2001a). Furthermore, we observed that the flexibility
index was unrelated to the stiffness of tendon structures
(Kubo et al. 2001b). Considering these findings, it seems
reasonable to suppose that the stretching training
increases the flexibility but not the extensibility of tendon
structures.

An interesting finding in the present study was that the
isotonic training with stretching (RST) tended to decrease
the hysteresis (P = 0.09). Our recent observations showed
that acute and chronic static stretching made the hysteresis
of tendon structures decrease (Kubo et al. 2001a,f ). The
hysteresis is considered to be an indication of the viscosity
of the tissue (Butler, 1978). And so, the observed lower
hysteresis after stretching training can be interpreted as a
decline of viscosity within tendon structures. The in vivo
data of the present study are consistent with previous
findings on the influences of stretching on the
viscoelasticity of tendons, obtained through observations
in vitro. Frisen et al. (1969) and Viidik (1972) showed that
repeated cyclic stretches of rat tendons decreased
hysteresis, suggesting a reduction of energy dissipation in
the tissues after stretching. The mechanisms that resulted
in the decrease of hysteresis after acute and long-term
stretching are unknown. At least for the lowered hysteresis
observed in the present study, however, a change in the
structure of the tendons might be involved.

The present result implied that the addition of flexibility
training to isotonic training might favour performance
during various movements. In most exercise and
rehabilitation scenarios, the stretching exercises are
applied after various resistance training programmes in
order to prevent muscle contractures supposed to be a
consequence of resistance training. In general, the
following effects are attributed to the stretching: lowering
of muscular resting tension (Magnusson et al. 1996);
prevention of muscle tightness (Toft et al. 1989); increase
of the joint’s range of motion (e.g. Magnusson et al. 1996);
prophylaxis against injuries (Wilson et al. 1991); and, due
to these stretching effects, a general increase of muscular
performance (Dintiman, 1964; Wilson et al. 1992). For
example, Wilson et al. (1992) reported that flexibility
training for the upper limbs induced a significant increase
in work during the initial concentric portion of the
rebound bench press lift. Also, Dintiman (1964) found
that the sprint performance was improved when a
stretching regimen was included with regular sprint
training. These led us to speculate that stretching may be
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an effective way to increase the re-used elastic energy
during exercise involving a stretch-shortening cycle, by
reducing the hysteresis.

These results suggest that the resistance training increased
the stiffness of tendon structures as well as muscle strength
and size, and the stretching training affected the viscosity
of tendon structures but not the elasticity.
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