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Abstract

Objectives: The purpose of this study was to investigate the effect of relaxation time on tendon hysteresis. Methods:
Subjects exerted isometric plantar flexion torque from rest to maximal voluntary isometric contractions within around 0.5
s, followed by relaxation with six different times (0.3, 0.5, 0.7, 1, 3, and 5 s). During each trial, tendon elongation in the
medial gastrocnemius muscle was measured by ultrasonography. The area within the exerted torque-tendon elongation
loop, as a percentage of the area beneath the curve during ascending phase, was calculated as tendon hysteresis.
Results: Between the 0.3 and 1 s relaxation time conditions, the hysteresis values were significantly greater for the
shorter relaxation time conditions (except between the 0.5 and 0.7 s conditions). In contrast, no significant differences
in tendon hysteresis were found between 1 and 5 s of relaxation time conditions. Furthermore, the relationship between
relaxation time and tendon hysteresis showed a significantly negative correlation under 1 s or less of relaxation time, but
no significant correlation was observed under conditions of 1 s or more. Conclusion: These results suggest that relaxation
time greatly affects tendon hysteresis under condition that relaxation time was less than 1 s.
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Introduction

The mechanical properties of tendons are known to be
important for stretch-shortening cycle exercises'2. For the
two decades, several studies have used ultrasonography to
determine the effects of the mechanical properties (stiffness
and hysteresis) of human tendons on the performance and
efficiency (i.e., the ratio of work output to work input during
exercises) during stretch-shortening cycle exercises®”.
Tendon hysteresis, i.e., the area within the loop of tendon
force-elongation relationship, represents the energy loss as
heat, and the area under the unloading curve is the energy
reused in the elastic recoil®. Therefore, tendon hysteresis
is theoretically thought to be related to exercise efficiency,
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although no studies have experimentally shown a relationship
between tendon hysteresis and efficiency during running and
jumping exercises. In fact, when comparing repeatability of
measurement within the same study, most studies showed
that the measurement of tendon hysteresis was less
reproducible than tendon stiffness*°''. Finni et al.'? pointed
out that the hysteresis values of human tendons previously
reported varying greatly among individuals and cited the
difficulty of controlling muscle strength during the relaxation
phase as one of the reasons for large individual differences.
Relaxation time is one of the indicators of control of muscle
strength during the relaxation phase of the measurement of
tendon hysteresis. So far, the relationship between relaxation
time and tendon hysteresis has been poorly investigated,
including in animal and human experiments''*'>, Regarding
the effect of relaxation time on the hysteresis of human
tendons in vivo, we previously reported no differences in
tendon hysteresis values of relaxation time from 1 to 10
s'"15, More recently, we have demonstrated that tendon
hysteresis measured during ballistic contraction (relaxation
time was around 0.5 s) is much greater than that during
ramp contraction (relaxation time was around 5 s)>'°'¢, To
date, the effect of relaxation time on tendon hysteresis is
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Figure 1. Typical examples of the exerted torque during six different relaxation time conditions.
_ J

unknown under the relaxation time condition of less than 1
s. An aqueous ingredient in the tendon is highly related to its
viscosity and may significantly affect tendon hysteresis®'6-'8,
especially if the relaxation time is less than 1 s.

The purpose of this study was to investigate the effect
of relaxation time on tendon hysteresis in vivo. Based on
the previous findings cited earlier, we hypothesized that
the relaxation time up to 1 s would not affect the tendon
hysteresis, butif it was less than 1 s, the shorter the relaxation
time, the greater the tendon hysteresis.

Materials and Methods
Participants

Seventeen healthy males (age: 23.0+£2.8 yrs, height:
173.6+6.4 cm, weight: 66.3+12.2 kg, mean=SD) volunteered
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for this study. They were fully informed of the procedures to
be utilized, as well as the purposes of the study.

Stiffness and hysteresis of tendon structures

Participants lay prone on a specially designed
dynamometer (Applied Office, Tokyo, Japan). Their
right foot was tightly secured to the footplate of the
dynamometer with two straps. The axes of the ankle and
the footplate were aligned as close as possible. The right
ankle joint was set at a neutral anatomical position (O deg)
with the knee joint at full extension. The measurements
began with a standardized warm-up (including static
stretching) and submaximal contractions to habituate to
the tests. In the present study, they were asked to exert
isometric plantar flexion torque from rest to maximal
voluntary isometric contractions (MVC) within around 0.5
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Table 1. Contraction time, relaxation time, MVC, ankle angle and maximal tendon elongation at MVC during the measurements Mean (SD),
MVC; maximal voluntary isometric contraction.

| o03s | o5s | o7s 1s 3s 55
Contraction time (s) 0.50 (0.1) 0.57 (0.1) 0.56 (0.1) 0.63 (0.1) 0.60 (0.1) 0.62 (0.1)
Relaxation time (s) 0.35(0.0) 0.54 (0.1) 0.73 (0.0) 1.16 (0.2) 3.00(0.4) 4.93 (0.4)
MVC (Nm) 103.3(21.5) | 102.6 (20.8) | 102.1 (20.5) | 100.2(20.2) | 99.8(21.6) | 99.6 (20.0)
Ankle angle at MVC (deg) 3.301.7) 3.0(1.5) 3.0(1.5) 3.2(1.4) 3.3(1.9) 3.1 (1.5)
Maximal tendon elongation at MVC (mm) 15.3(2.0) 15.3(2.3) 15.7 (2.0) 15.7 (2.5) 15.6 (2.7) 16.0 (2.5)
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Figure 2. Tendon hysteresis of six different relaxation time conditions. Significant difference among the conditions: ** p<0.01, ***
p<0.001.
N )

s, followed by relaxation with six different times (0.3, 0.5,
0.7, 1, 3, and 5 s) (Figure 1). Torque data were collected at
a sampling rate of 1 kHz. Firstly, participants performed
two 3-s MVC of the plantar flexor muscles with a 2-min
rest period between trials. After that, they practiced
performing the six conditions as mentioned above. In the
present study, contraction times at all conditions were
the same (around 0.5 s from rest to MVC) in order to
concentrate on adjusting the instructed relaxation time.
The measurement was repeated twice for each condition
with at least 2-min between trials in random order. The
measured values that were shown below were the means
of two trials. In the present study, however, one trial was
excluded for each of the 0.7 s condition for 1 male, the
0.3 s and 5 s conditions for 2 males, the 0.5 sand 1 s
conditions for 3 males, and the 3 s condition for 4 males
due to unclear ultrasound images.

During an isometric contraction, ultrasonic images
of the medial gastrocnemius muscle (MG) at the level
of 30% of lower leg length were obtained using the
ultrasonic apparatus (SSD-3500, Aloka, Tokyo, Japan).
Ultrasonic images were recorded on a videotape at 60
Hz, synchronized with recording of a clock timer for
subsequent analyses. To assess the tendon elongation, we
measured the movement of the point at which one fascicle
was attached to the aponeurosis. However, angular joint
rotation occurred in the direction of ankle plantar flexion
even during an isometric contraction'®. An electrical
goniometer (Penny and Giles, Newport, UK) was placed
on the lateral aspect of the ankle in order to measure
angle joint during an isometric contraction. Additional
measurements were performed under passive conditions
to correct the measurements taken for the tendon
elongation. The movement of the point at which one
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Figure 3. Relationship between the relaxation time and tendon hysteresis in each trial under 1 s or less (A) and 1 s or more (B) of
relaxation time.
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fascicle was attached to the aponeurosis for the influence
of rotating the ankle from O to 9 deg was measured and
was subtracted from the measured tendon elongation
during an isometric contraction®'°. The area within the
exerted torque—-tendon elongation loop, as a percentage
of the area beneath the curve during the ascending phase,
was calculated as tendon hysteresis''. In the present
study, we confirmed the repeatability of measurements of
tendon hysteresis on the two trials for each condition. The
coefficients of variation were 4.2% at 0.3 s, 8.7% at 0.5
s, 10.3% at 0.7 s, 10.1% at 1 s, 14.0% at 3 s, and 14.3%
at 5 s conditions, respectively.

Statistical analysis

Descriptive data are presented as means+SD. For the
means of two trials for each condition of the six different
relaxation times, a one-way ANOVA with repeated
measures was used to identify significant differences in
the measured variables. In the event of significant values
of F in the ANOVA, the Bonferroni post-hoc test of critical
differences was used to assess the significance between
means. The effect size was calculated using partial eta-
squared (pn?) for one-way ANOVA. For each trial (but not
the means of two trials) of all subjects, a linear regression
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analysis was performed on the relationship between
the relaxation time and tendon hysteresis. The level of
significance was set at p<0.05.

Results

Under the six relaxation time conditions, the contraction
time and relaxation time could be achieved in almost the set
time (Tabel 1). There were no significant differences in MVC
(p=0.232, pn?=0.081), displacement of ankle joint angle at
MVC (p=0.561, pn?=0.047), or maximal tendon elongation
at MVC (p=0.143, pn?=0.096) among six relaxation time
conditions (Table 1).

Figure 2 showed tendon hysteresis under the six types of
relaxation time conditions. The effect of relaxation time on
tendon hysteresis was significant (p<0.001, pn?=0.660).
From 1 s to 0.3 s conditions, the shorter the relaxation
time, the greater the tendon hysteresis (except between 0.5
s and 0.7 s). Between 1 s and 5 s conditions, no significant
differences in tendon hysteresis were found. In each trial of
all subjects, the relationship between the relaxation time and
tendon hysteresis showed a significantly negative correlation
under 1 s or less of relaxation time, but no significant
correlation was observed under the condition of 1 s or more
(Figure 3).
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Discussion

The main result of the present study was that under the
condition that the relaxation time was less than 1 s, the
shorter the relaxation time, the greater the tendon hysteresis.
In contrast, no significant differences in tendon hysteresis
were found among 1 s and 5 s conditions of the relaxation
time. These results supported our hypothesis.

To date, few studies have examined the effect of relaxation
time on tendon hysteresis'''5, whereas the relationship
between contraction time and tendon stiffness has been
reported in several studies''?°22, In addition, few in vitro
studies have attempted to investigate the strain rate on
tendon hysteresis'®'4. These previous studies demonstrated
that tendon hysteresis was independent of the strain rate.
Regarding the human tendon in vivo, we previously reported
that tendon hysteresis during ballistic contraction (relaxation
time was around 0.5 s) was considerably greater than that
duringramp contraction (relaxation time was around 5 s)*'°'¢,
whereas there were no differences in tendon hysteresis of
relaxation time from 1 s to 10 s'"'>. The tendon hysteresis
measured during ballistic contractions so far was around
35% to 40%, which was almost the same as the values of
the 0.5 s (41.0%) and 0.7 s (40.4%) conditions in this study.
Furthermore, the tendon hysteresis became even greater
(50.3%) when examined in 0.3 s under a shorter relaxation
time condition. As discussed in our previous studies®'®'¢, the
increase in tendon hysteresis associated with the shortening
of the relaxation time under the condition of less than 1 s is
considered to be largely related to the viscosity caused by the
water content in the tendon.

Previous studies have demonstrated that the relative
work of tendons during stretch-shortening cycle exercise in
humans is considerably higher?*24, In these studies, however,
tendon hysteresis has been largely ignored in the calculations
of work performed by muscles and tendons according to the
results of in vitro studies where tendon hysteresis is below
10%:"3. Considering the present result on tendon hysteresis
at shorter relaxation time conditions, the amount of elastic
energy reused in the tendons by the model calculation
may be overestimated as pointed out previously®. Previous
studies reported that the duration during the push-off phase
during running and jumping was around 0.2 s?526, Therefore,
we need to acquire tendon hysteresis data under a relaxation
condition that is shorter than the 0.3 s condition of this study.
In any case, in order to accurately evaluate the tendon work
during stretch-shortening cycle exercises, tendon hysteresis
data measured under relaxation time conditions close to the
actual concentric phase time is required.

As mentioned in the introduction, no studies have
experimentally demonstrated the effect of tendon hysteresis
on efficiency during stretch-shortening cycle exercises.
Furthermore, previous studies using ultrasonography
reported that hysteresis of human tendons changed with
aging, stretching, resistance training, and inactivity'®'6-27,
However, no studies have tightly controlled relaxation times

www.ismni.org

during the measurement of tendon hysteresis. Based on
the results of this study, we may say that it is important to
unify the relaxation time, especially in the tendon hysteresis
measurement under ballistic conditions, when investigating
the relationship between tendon hysteresis and efficiency
and conducting an intervention study.

Unfortunately, we did not measure the electromyographic
activities of each agonist and antagonist muscles in the
present study. In our previous studies®'s, there were no
differencesintherelative electromyographic activities of each
constituent muscle (to the sum of mEMG of all constituent
muscles) and co-activation level during the relaxation
phase between ramp (around 5 s) and ballistic (around 0.5
s) contractions. In addition, Kosters et al.?° reported no
differences in co-activation levels during the measurement
of tendon properties among the different strain rates.
Therefore, we considered that there were no differences in
the relative activation levels among the synergist muscles
and co-activation levels among the different relaxation time
conditions in the present study.

In conclusion, the relaxation time greatly affected
the tendon hysteresis under the condition that the relaxation
time was less than 1 s. This result indicates that aligning the
relaxation time when evaluating tendon hysteresis under a
higher strain rate in intervention studies is necessary.
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