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Effects of tendinous tissue properties on force output
evoked by 2-pulse trains at different inter-pulse intervals
in the human tibialis anterior muscle

YOICHI OHTA

Faculty of Health and Medical Sciences, Department of Sports and Health Sciences, Aichi Shukutoku University.

The aim of this study was to clarify the effects of tendinous tissue properties on origin of greater force output at short inter-pulse in-
tervals in the 2-pulse trains compared to those at longer inter-pulse intervals. Thus, this study investigated the contributions of the second
stimulus (C2) in 2-pulse trains with different inter-pulse intervals on the torque response and tendinous tissue properties of human skele-
tal muscle in vivo. The torque response and tendinous tissue elongation following single pulses and 2-pulse trains at different inter-pulse
intervals (5, 10, 20, 30, 40, 50, 80, 100, 150, and 200 ms) were recorded in the tibialis anterior muscle using real-time ultrasonography.
C2 with inter-pulse intervals of 5—100 ms invoked significantly greater torque responses than single pulses. In contrast, the elongation
and compliance of tendinous tissue for C2 with inter-pulse intervals from 5-80 ms were significantly lower than those of the single-pulse
response. A significant negative relationship between torque response and tendinous tissue compliance was observed in C2 with different
inter-pulse intervals. The torque response as a result of C2 is greater at short inter-pulse intervals in which the force summation due to

second stimulus coincides with the period of decreased tendinous tissue compliance due to the first stimulus.
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1. Introduction

The summation of force induced by repetitive
stimulation is a fundamental phenomenon in muscle
physiology for increasing force. Previous studies
report that the force response evoked by 2 closely
spaced stimuli is larger than that of 2 and/or 3 sin-
gle-twitch responses [1], [2]. This considerable
force difference between single and 2-pulse trains
indicates that the second pulse contributes more
than the first pulse and that the second pulse has
a facilitative effect on the force response. These
previous findings suggest that the summation of
force is nonlinear during the early phase of tetanic
summation [2].

There are 2 possible mechanisms for the facilita-
tive effects caused by the second stimulus on force
response: one involves changes in the excitation—
contraction coupling processes [3] and the other in-
volves increased muscle stiffness [4], [5]. In human
skeletal muscle, it is expected that this facilitative
effect is not simply the result of changes in excita-
tion—contraction coupling processes and muscle
stiffness, because the process of force generation is
coupled with elongation of elastic elements, which
play a role in transmitting force from muscles. The
changes in the properties of force-transmitting
structures (i.e., tendons and aponeurosis) affect the
capacity of force output. For example, increased
tendon—aponeurosis stiffness augments the ability of
the connective tissue to transmit contractile forces
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effectively [6]-[9]. Therefore, it is assumed that the
tendinous tissue properties are related to the facilita-
tive effect of force response with respect to the sec-
ond stimulation.

Previous studies report that the force contribution
of the second pulse (C2) in 2-pulse trains decreases
with increasing inter-pulse interval [4], [10]. This
phenomenon indicates that the facilitative effects of
C2 on force response are altered due to different
pulse duration between first and second pulse. If the
tendinous tissue properties are related to the facilita-
tive effect on the force response of C2, the C2 for
tendinous tissue properties will be influenced by the
duration of the inter-pulse interval. However, the
effects of the inter-pulse interval of 2-pulse trains on
tendinous tissue properties are unclear. The summa-
tion of contraction is a fundamental phenomenon in
muscle physiology and is related to increases in
muscle force. Clarifying the relationship between
force response and tendinous tissue properties with
different inter-pulse intervals during 2-pulse trains
will enhance our basic understanding of the effects
of force-transmitting structures on force output in
human skeletal muscle.

Therefore, the present study investigated the ef-
fects of different inter-pulse intervals on C2 with re-
spect to both force response and tendinous tissue
properties using ultrasonography in human skeletal
muscle. This was achieved by estimating the contri-
bution of forces in response to C2 [2]. The purpose of
this study was to clarify the effects of tendinous tissue
properties on origin of greater force output at short
inter-pulse intervals in the 2-pulse trains compared to
those by longer inter-pulse intervals in the human
tibialis anterior muscle (TA) in vivo.

2. Materials and methods

2.1. Subjects

Six males (mean + SD: age = 27 + 1.4 years;
height = 166 + 2.7 cm; weight = 73 + 2.4 kg), with no
history of neurological and musculoskeletal disorders,
volunteered for this study. All of the selected indi-
viduals were normally active. Prior to the experiment,
all of the subjects were given a full explanation of the
purpose of the study based on descriptions approved
by the Ethics Committee of Osaka University of
Health and Sport Sciences. All subjects gave written
informed consent before participation.

2.2. Experimental setup
and signal detection

The subjects were seated in a custom-built isomet-
ric dynamometer with their right ankle positioned at
20° plantar flexion with both the hip and knee joints at
90°. A padded belt was strapped to a dynamometer to
support the limb and maintain its position during the
test. Each subject’s foot was tightly secured to a foot-
plate by 2 straps in order to maintain the ankle angle.
The subjects’ arms were folded in front of their chest.
All of the subjects performed a few voluntary con-
tractions of their dorsiflexor muscles as a warm-up
prior to testing.

The isometric torque of the TA in response to
electrical stimulation was measured by a dynamome-
ter (Kin-Com, 500H, Chattecx, Inc., USA). The foot-
plate was modified to provide a more stable and rigid
attachment, and ensure the optimum transfer of force
to the Kin-Com load cell. The torque was recorded by
software at a sampling rate of 4 kHz via an analogue-
to-digital (A/D) converter (PowerLab 8sp, ADInstru-
ment, Australia); torque data were analysed by software
(Chart v5.4.2, ADInstrument). Ultrasonic images of
longitudinal TA sections were recorded using an elec-
tronic linear-array probe (wave frequency, 7.5 MHz;
scanning length, 35 mm; PLM-703AT, Toshiba, Ja-
pan). The probe was attached to the skin over the TA
40% distally from the knee [11]. Real-time ultrasonic
images of the TA during isometric contraction were
continuously recorded on the computer memory of the
ultrasonic apparatus at 63 Hz (SSA-500A, Toshiba,
Japan). The relative physiological cross-sectional area
contribution of TA (~60%) to all dorsiflexor muscle
[12] was greater than relative contribution of gastroc-
nemius muscle (~18%) to all plantarflexor muscle
[13] and relative contribution of vastus lateralis mus-
cle (~22%) to quadriceps femoris muscles [14]. Thus,
it is suggested that TA is a relatively suitable muscle
to investigate relationship between output force and
architectural change of muscle—tendon component.

2.3. Electrical stimulation

The electrical stimulations in 2-pulse trains at in-
ter-pulse intervals of 5, 10, 20, 30, 40, 50, 80, 100,
150, and 200 ms were applied to the common pero-
neal nerve in a random order to record the evoked
torque responses and ultrasonic images in the TA.
A square wave (duration = 0.5 ms) was used for the
electrical stimulation (S88k, Grass Telefactor, USA).
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The cathode (1 cm diameter) and anode (1 cm diame-
ter) were placed near the fibular head 5 cm apart. The
stimulus intensity was 20% greater (supramaximal)
than that required to produce a maximal twitch torque
at the resting state. The torque and ultrasonic images
were measured 3 times under each stimulation condi-
tion.

2.4. Analysis of experimental signals

The evoked twitch data recorded for each inter-
pulse interval were used to determine the peak twitch
torque. The changes in the crossing point between the
TA fascicle and the deep aponeurosis were measured
for each response using software (Frame-DIAS II,
DKH, Japan) [15]. For the torque response and elon-
gation of tendinous tissue, the contribution of the re-
sponse to C2 was obtained by subtracting the response
to the single stimulation from the response of the
2-pulse trains [2], [16]. The compliance of the tendi-
nous tissue in the TA was estimated using the quotient
of the maximal elongation of tendinous tissue to the
peak tendon force (mm/N) for each response to the
single pulse, 2-pulse trains, and C2. Tendon force
(TF) was determined according to the twitch torque
(TQ) during electrical stimulation. The TF transmitted
through the tendinous tissue was calculated using the
following equation [11]:

TF = k » TQ/MA

where k is the relative physiological cross-sectional
area contribution (0.57) of the TA to all dorsiflexor
muscles [12] and MA is the length of the TA moment
arm when the ankle is positioned at 20° plantar flex-
ion, which was derived from RUGG et al. [17].

2.5. Statistical analysis

All data are presented as the mean + standard er-
ror (SE). The changes in the peak torque, elongation
of tendinous tissue, and compliance of tendinous
tissue for 2-pulse trains with different inter-pulse
intervals were analysed by one-way repeated-
measures analysis of variance (ANOVA). Dunnett’s
post hoc test was used to determine the differences
between stimulations with a single-pulse and 2-pulse
trains with different inter-pulse intervals, and be-
tween single-pulse and C2. Pearson product moment
correlation analyses were performed to determine
whether the toque responses were associated with
tendinous tissue eclongation and tendinous tissue
compliance with different inter-pulse intervals. The
significance level was set at 5%. The Statistical
Package for the Social Sciences (SPSS for Win-
dows, version 11.0, USA) was used for all statistical
analyses.

-O-single
—&-5ms
-&-20ms
=50ms
=>=100ms
-o-150ms

Fig. 1. Torque response (left) and tendinous tissue elongation (right) in response to a single pulse and 2-pulse trains
at inter-pulse intervals of 5, 20, 50, 100, and 150 ms in a typical individual

=O-single
~&-5ms

®-20ms
=¥50ms
—~-100ms

100 ms

Fig. 2. Torque response (left) and tendinous tissue elongation (right) in response to a single pulse,
and contribution of the second pulse (C2) in 2-pulse trains at inter-pulse intervals of 5, 20, 50, 100, and 150 ms in a typical individual
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3. Results

Figure 1 shows a typical example of the torque
and tendinous tissue elongation from 2-pulse trains
with different inter-pulse intervals. Figure 2 shows
a typical example of the C2 for the torque and tendi-
nous tissue elongation with different inter-pulse in-
tervals.
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Fig. 3. Changes in the excursion of the peak torque (a),
maximal elongation of tendinous tissue (b), and compliance
of tendinous tissue (c) in response to a single pulse (©)
and 2-pulse trains at different inter-pulse intervals. All values
are expressed as the means + SE of 6 individuals.

* Significantly different from a single pulse at P < 0.05

Figure 3 shows the peak torque (a), elongation of
tendinous tissue (b), and compliance of tendinous
tissue (c) for different inter-pulse intervals of 2-pulse
trains. The mean peak torque values of 2-pulse trains
with inter-pulse intervals of 5, 10, 20, 30, 40, 50, 80,
100, 150, and 200 ms were 10.1 £ 1.3, 10.1 £ 1.1, 9.6
+1.1,97+14,92+13,87+14,68+1.2,68+
1.1, 44 + 1.0, and 3.1 = 0.6 Nm, respectively. The
mean peak torque values of 2-pulse trains with inter-
pulse intervals of 5, 10, 20, 30, 40, 50, 80, and 100 ms

were significantly higher than that of the single-pulse
response (3.0 £ 0.5 Nm) (figure 3a). The mean elon-
gation of tendinous tissue for 2-pulse trains with inter-
pulse intervals of 5, 10, 20, 30, 40, 50, 80, 100, 150,
and 200 ms were 6.7 £ 1.3, 6.6 £ 1.1, 6.7 £ 1.1, 6.9
+14,63+13,62+14,61+12,61+1.1,53
+ 1.0, and 4.6 + 0.6 mm, respectively. The mean elon-
gation of tendinous tissue for 2-pulse trains with inter-
pulse intervals of 5, 10, 20, 30, 40, 50, 80, 100, and
150 ms were significantly higher than that of the sin-
gle-pulse response (4.3 = 0.3 mm) (figure 3b). The
mean compliance of tendinous tissue for 2-pulse trains
with inter-pulse intervals of 5, 10, 20, 30, 40, 50, 80,
100, 150, and 200 ms were 0.055 + 0.010, 0.053
+ 0.008, 0.056 = 0.008, 0.061 £ 0.011, 0.059 + 0.011,
0.064 £+ 0.013, 0.081 + 0.016, 0.078 £+ 0.013, 0.122
+ 0.027, and 0.142 £ 0.028 mm/N, respectively. The
mean compliance of tendinous tissue for 2-pulse
trains with inter-pulse intervals of 5, 10, 20, 30, 40,
50, 80, and 100 ms were significantly lower than that
of the single-pulse response (0.124 + 0.022 mm/N)
(figure 3c).
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Fig. 4. Changes in the excursion of the peak torque (a), maximal
elongation of tendinous tissue (b), and compliance of tendinous
tissue (c) in response to a single pulse (0), and the contribution
of the second pulse (C2) in 2-pulse trains at different inter-pulse

intervals. All values are expressed as the means + SE of 6 individuals.
* Significantly different from a single pulse at P <0.05
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Figure 4 shows the mean peak torque (a), elonga-
tion of tendinous tissue (b), and compliance of tendi-
nous tissue (c¢) for C2. The peak torque values for C2
with inter-pulse intervals of 5, 10, 20, 30, 40, 50, 80,
100, 150, and 200 ms were 7.2 +£ 0.9, 7.2 + 0.7, 6.8
+0.6,69+09,64+08,62+1.0,47+0.8,52
+ 0.8, 3.5+ 0.8, and 2.6 = 0.5 Nm, respectively. The
mean peak torque values for C2 with inter-pulse inter-
vals of 5, 10, 20, 30, 40, 50, 80, and 100 ms were
significantly higher than that of the single-pulse re-
sponse (3.0 = 0.5 Nm) (figure 4a). The mean elonga-
tion of tendinous tissue for C2 with inter-pulse inter-
vals of 5, 10, 20, 30, 40, 50, 80, 100, 150, and 200 ms
were 2.4 £ 0.5, 23 £ 02,24 £ 03,28 £0.3, 23
+0.3,2.5+0.3,3.0+0.3,34+0.1,3.6 £ 0.2, and 3.7
+ 0.2 mm, respectively. The mean elongation of ten-
dinous tissue for C2 with inter-pulse intervals of 5, 10,
20, 30, 40, 50, and 80 ms were significantly lower
than that of the single-pulse response (4.3 + 0.3 mm)
(figure 4b). The compliance of tendinous tissue for C2
with inter-pulse intervals of 5, 10, 20, 30, 40, 50, 80,
100, 150, and 200 ms were 0.030 + 0.009, 0.026

a

+0.005, 0.029 £ 0.007, 0.036 = 0.009, 0.033 + 0.010,
0.038 £ 0.011, 0.060 + 0.015, 0.058 + 0.012, 0.105
+ 0.023, and 0.132 = 0.025 mm/N, respectively. The
compliance of tendinous tissue for C2 with inter-pulse
intervals of 5, 10, 20, 30, 40, 50, 80, and 100 ms was
significantly lower than that of the single-pulse re-
sponse (4.3 £ 0.3 mm/N) (figure 4c).

The relationships between the torque response
and tendinous tissue elongation and between the
torque response and tendinous tissue compliance with
different inter-pulse intervals are presented in figures
5 and 6, respectively. A significant positive linear
relationship was observed between the torque re-
sponse and tendinous tissue elongation during 2-pulse
trains (figure 5a) (» = 0.974, P < 0.01). Meanwhile,
a significant negative linear relationship was observed
between the torque response and tendinous tissue
compliance during 2-pulse trains (figure 5b) (» =
—0.975, P < 0.01). A significant negative linear rela-
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Fig. 5. Relationships between the torque response
and tendinous tissue elongation (a), and between
the torque response and tendinous tissue compliance (b)
in response to 2-pulse trains with different inter-pulse intervals.
Lines of best fit are shown

Fig. 6. Relationships between the torque response
and tendinous tissue elongation (a), and between
the torque response and tendinous tissue compliance (b)
in response to the contribution of the second pulse (C2)
in 2-pulse trains with different inter-pulse intervals.
Lines of best fit are shown
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tionship was observed between the torque response
and tendinous tissue elongation for C2 (figure 6a) (r =
—0.921, P < 0.01). Lastly, a significant negative linear
relationship was observed between the torque response
and tendinous tissue compliance for C2 (figure 6b) (r =
—0.985, P <0.01).

4. Discussion

To my knowledge, the present study is the first to
analyse the effects of C2 in 2-pulse trains with differ-
ent inter-pulse intervals on the torque response and
tendinous tissue properties in human skeletal muscle
in vivo. The main finding was that the greater torque
produced by C2 compared to that by a single pulse
was accompanied by lower elongation and compliance
of the tendinous tissue at inter-pulse intervals less than
100 ms. Moreover, the results show that the tendinous
tissue compliance for C2 was closely related to the
force response for C2. This result suggests that the
greater torque responses evoked by C2 at shorter in-
ter-pulse intervals compared to those by longer ones
occur because the second contraction is brought about
when tendinous tissue compliance is lower at shorter
inter-pulse intervals than longer ones.

It is well known that the peak torque responses to
2-pulse trains decrease with increasing inter-pulse
interval (figure 3a). When the individual torque con-
tributions as a result of C2 were analysed with differ-
ent inter-pulse intervals, the present results revealed
that the torque contributions of C2 with inter-pulse
intervals from 5-100 ms were greater than the torque
evoked by a single pulse (figure 4a). Moreover, the
magnitude of the torque contribution of C2 decreased
with increasing inter-pulse interval. These results in-
dicate that the decreases in torque evoked by 2-pulse
trains with increasing inter-pulse intervals are depend-
ent on decrease of the torque contribution of C2. This
decrease in the torque contribution of C2 with in-
creasing inter-pulse interval is the result of lower
muscle stiffness [4] and ionised calcium concentration
in the cytosol [18].

The present results show that the elongation of
tendinous tissue evoked by 2-pulse trains decreased
with increasing inter-pulse interval while the tendi-
nous tissue elongation of C2 increased with increasing
inter-pulse interval. These results and the negative
relationship between the torque and tendon elongation
as a result of C2 (figure 6a) indicate that the torque
contribution of C2 is greater when the elongation of
tendinous tissue is low. ITO et al. [19] suggest that

tendons are stretched more easily when the force is
small and when the tendon becomes less compliant
with increasing force. In the present study, the tendi-
nous tissue compliance values with short inter-pulse
intervals were lower than those with long ones (fig-
ures 3c and 4c). Furthermore, significant negative
relationships between the torque and tendinous tissue
compliance were observed in both 2-pulse trains and
C2 (figures 5b and 6b). These results suggest that the
greater torque produced by C2 with low tendinous
tissue elongation at short inter-pulse intervals occurs
because the second contraction is brought about when
tendinous tissue compliance is lower at shorter inter-
pulse intervals than at longer ones. In the long inter-
pulse intervals, the decrease in torque and increase in
tendinous tissue elongation in C2 may be due to the
increase of tendinous tissue compliance caused by the
long interval between the first and second stimula-
tions.

In resting and non-acute stretching states, muscle—
tendon complexes have slack. ODA et al. [11] observed
a 10-30-ms time delay in the twitch torque generated in
the presence of fascicle shortening in the TA at plantar-
flexion angles of 10° and 30° during single stimula-
tions. They suggest that this time delay could be due to
the slack in the tendinous tissue. Because the present
study used a 20° plantar-flexed position, the tendinous
tissue may have had slack before the first electrical
stimulations. It is likely that the elongation of the tendi-
nous tissue induced by the first stimulation involved the
taking-up of tendon slack. Therefore, the present results
suggest that decreases in the taking-up of tendon slack
as a result of the first stimulation are also related to the
lower tendinous tissue elongation during C2 with
a 100-ms inter-pulse interval compared to a single-
pulse response. Moreover, the values of elongation and
compliance with inter-pulse intervals exceeding 100 ms
may near those of a single-pulse response because ten-
don slack is restored after the first stimulation due to
the long inter-pulse interval. Thus, this suggests that the
peak torque generated with inter-pulse intervals ex-
ceeding 100 ms nears that of a single-pulse response.

Measurement of contractile properties as a result of
a single stimulation is a useful method for determining
muscle output and muscle contractile fatigue without
the influence of the voluntary neural drive. When
a muscle-tendon component has a slack before the
first electrical stimulation, the muscle contractile
properties assessed by single-twitch torque are influ-
enced by the slack of the muscle—tendon component.
A previous study suggests that if the first response
takes up most of the slack of the muscle—tendon com-
ponent, the torque response and tendinous tissue elon-
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gation during C2 would be minimally influenced by
the muscle—tendon slack [16]. This is regarded as an
important physiological and medical interpretation of
the measurements of torque response and muscle ar-
chitectural changes during C2 because neuromuscular
function without the influence of muscle-tendon
slack may be evaluated in the human skeletal muscle.
In the light of the present results regarding the
changes in the torque, tendinous tissue elongation,
and tendinous tissue compliance during C2 with dif-
ferent inter-pulse intervals, this study propose that
C2 measured with inter-pulse intervals less than 100 ms
is useful for evaluating muscle contractile properties
excluding the influence of tendon slack in the human
skeletal muscle.

The limitation of the present study is that the re-
sults to tendinous tissue properties rely on analyses of
two-dimensional images. In actual, the muscle has
a complex three-dimensional structure. The previous
study using three-dimensional analysis suggested that
the muscle cell stress is approximately the same as in
the tendon in TA [20]. Thus, this study could not rule
out the possibility that interaction between muscle cell
stress and tendon stress are related to the facilitative
effect of force response with respect to the second
stimulation. Therefore, future studies need to investi-
gate the muscle architectural change using three-
dimensional analysis, which can clarify more the rela-
tionship between extent of force summation and
summation of contraction in human muscle as a mus-
cle-tendon complex.

In summary, the results of the study show that the
tendinous tissue elongations during C2 with inter-
pulse intervals less than 80 ms are significantly lower
than that of a single-pulse even though C2 with inter-
pulse intervals less than 100 ms resulted in signifi-
cantly higher torque responses compared to a single
pulse. These results indicate that the summation pat-
tern of tendinous tissue elongation is different from
that of the torque response in the human TA during
2-pulse trains with different inter-pulse intervals.
Moreover, the results show that the greater torque
produced during C2 with inter-pulse intervals less
than 100 ms compared to that with a single pulse is
accompanied by lower elongation and compliance of
tendinous tissue for C2. Furthermore, the tendinous
tissue compliance for C2 is strongly negatively related
to the force response for C2. Therefore, the present
study revealed that the torque response generated by
C2 is greatest where the force summation as a result
of the second stimulation coincides with the period of
decreased tendinous tissue compliance as a result of
the first stimulus.
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