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Fascicle Length Change of the
Human Tibialis Anterior and
Vastus Lateralis During Walking

A

muscle’s ability to produce force during a specific movement
is determined by the type of muscle action (concentric,
eccentric, or isometric). For example, based on the forcevelocity relationship of muscle, the muscle force decreases with
increasing speed of movement during a concentric action, and the force
increases during an eccentric action. Superimposing the force-velocity
relationship on the length-tension relationship, the force will be optimal
at a certain muscle (sarcomere) length
during isometric and slow concentric
actions.22
The use of kinematics and electromyt Study Design: A single-group descriptive
experimental design.

t Objectives: To determine the fascicle length
change in the tibialis anterior (TA) and the vastus
lateralis (VL) muscles during walking.

t Background: The length of the muscle fi-

bers during isometric actions and during dynamic
functional activities is affected by the compliance
of the tendon and aponeurosis. The TA and VL
muscles have important functions both in stance
and swing phases of gait. Therefore, it is important
to understand the dynamics of the muscle length
change as it relates to the type of muscle actions
in walking.

t Methods and Measures: Nine healthy

subjects performed treadmill walking while fascicle
length, muscle activity (electromyographic signal),
and joint angle (knee and ankle) were recorded.
Fascicle length was measured using real-time
ultrasound imaging. Fascicle length and joint
angle during the gait cycle were analyzed using a
repeated-measures analysis of variance.

ography (EMG) to determine the type of
muscle action assumes that the change in
length of the muscle-tendon complex will
reflect the change in length of the muscle
t Results: During the initial portion of stance,

when the TA and VL muscles were active, the ankle
plantar flexed and the knee joint flexed, suggesting
muscle-tendon complex lengthening, but the
fascicle length of both muscles remained constant
(TA, P = .93; VL, P = .22). The TA muscle was again
active during the initial portion of swing phase,
while the ankle dorsiflexed, and the fascicle length
decreased (P,.05). The VL muscle became active
again at the end of swing as the knee extended,
and the fascicle length decreased (P,.05).

t Conclusions: The lack of change in fascicle

length during the initial portions of stance phase
suggests a nearly isometric muscle action of the
TA and VL. There is a possible interaction occurring between the fascicle and tendon in the TA and
VL such that the tendon lengthens to allow joint
motion and potentially to store elastic energy.
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fibers.24 However, it is well known that
the compliance of the tendon and aponeurosis will affect the length of the muscle fibers.1,17,27,29,32 Recently, several studies
using ultrasonography have identified an
interaction between the change in length
of the muscle fascicles and tendon during fixed joint angle (isometric actions),
as well as during dynamic activities in humans. For example, there has been much
attention given to the mechanical properties of the tibialis anterior (TA) tendon
and aponeurosis during fixed joint angle
muscle contractions.6,27,29,32 From these
reports it is clear that the TA tendon and
aponeurosis contribute substantially to
the compliance of the muscle-tendon
complex during isometric muscle actions,
resulting in nonisometric behavior of the
fascicles.17 Similarly, during isometric actions of the medial gastrocnemius, the
fascicles shorten and the tendon/aponeurosis lengthens.30,33 It is generally understood that the plantar flexor muscles
act eccentrically to control tibial advancement during mid and terminal stance.35,38
However, it has recently been established that the medial gastrocnemius
fascicles remain at constant length during stance, suggesting that they function
isometrically.10,16 During jumping, the
medial gastrocnemius fascicles remain
at constant length during the time just
prior to toe-off, when the ankle plantar
flexes and the muscle-tendon complex is

Professor, School of Physical Therapy, Ohio University, Athens, OH. 2 Physical Therapist, The Ohio State University Sports Medicine Center, Columbus, OH. 3 Physical Therapist,
OrthoNeuro Center for Physical Therapy, Columbus, OH. 4 Physical Therapist, Performance Physical Therapy, Bellingham, WA. This study was approved by the Ohio University
Institutional Review Board. Address correspondence to Dr Gary S. Chleboun, W293 Grover Center, School of Physical Therapy, Ohio University, Athens, OH 45701. E-mail:
chleboun@ohio.edu
1

372 | july 2007 | volume 37 | number 7 | journal of orthopaedic & sports physical therapy

shortening.18,20,21 On the other hand, the
vastus lateralis (VL) fascicles lengthen
during the eccentric phase of the squat
jump and shorten during the concentric
phase.14,15 This suggests that the interaction between the fascicles and the tendon
may be muscle specific.
The TA and the VL each have 2 distinct roles during human gait. 31,34,35,38
The TA is important as it controls the
lowering of the foot to the ground after
heel contact. Also, the TA allows for sufficient foot clearance during the swing
phase by dorsiflexing the ankle. The VL
is active just after heel contact to control
knee flexion that occurs as weight is accepted on the lower extremity.31,34,35,38 At
the end of swing phase, the VL is again
active to insure knee extension and to
prepare for ground contact. The function
of the TA and VL during gait is of particular interest because both potentially
lengthen (eccentric action) in response
to ground reaction forces in stance phase
and shorten (concentric action) during
the unloaded swing phase.
Because of a possible interaction
between the muscle fascicles and the
tendon as noted above, previous assumptions of the type of muscle action during
gait may not be accurate. Measuring fascicle length changes (the in vivo estimate
of fiber length changes) during gait will
provide insight into the type of muscle
action utilized and therefore the potential
force contribution of the muscle. In addition, assumptions regarding the interaction between muscle fascicle and tendon
length provide insight into the contribution of the tendon series elasticity to human movement and subsequently to the

TABLE 1

		
VL
		

METHODS
Subjects

N

ine healthy college-aged subjects volunteered to participate in
this study (Table 1). Although data
from all 9 subjects were used for the
analysis of the TA during gait, data from
only 7 of the subjects could be used for
analysis of the VL due to technical problems that occurred during testing (Table
1). Subjects were excluded from the study
if they had a history of orthopedic or neurological problems of the lower extremity,
such as a fracture within the previous 5
years, torn ankle ligaments, pain from
nerve compression, or neuromuscular pathologies of the lower extremity muscles.
The study was approved by the Institutional Review Board of Ohio University.
All subjects signed an informed consent
form prior to participation in the study.

Ultrasonography

optimally viewed in the middle of each
of the muscles. A custom-designed plastic mold held the transducer fixed to the
leg and thigh by Velcro straps and tape
to prevent transducer movement during
data collection (Figure 1). Video output
from the ultrasound unit was sampled
at 30 Hz directly to a personal computer.
Approximately 10 strides were recorded
on each video clip. For 1 of the strides,
each frame of the video clip was saved as
a still image and exported to a digitizing
program (Scion Image; Scion Corporation, Frederick, MD) for measurement
of fascicle length. One rater measured
each frame twice and the average fascicle
length was calculated. The length of each
fascicle was measured along the diagonal
fiber echoes running from inside margins
of the superficial to intermediate aponeuroses in the TA, and from the inside
margins of the superficial to deep aponeuroses in the VL (Figure 2). Because the
VL fascicle is sometimes longer than the
available window in the ultrasound image, the lines for the aponeurosis and fascicle were extended such that the length
of the fascicle could be extrapolated.
There is no difference in fascicle length
between the 2 unipennate sections of the

Real-time ultrasonography was used to
obtain images of the TA and VL fascicles
during treadmill walking. A 5-MHz, 8.0cm, linear-array, B-mode ultrasound
probe (Acuson 128 XP; Soma Technology, Inc, Cheshire, CT) was secured to
the lower leg over the longitudinal axis
of the TA muscle belly, and then in a
subsequent trial it was secured over the
longitudinal axis of the VL. The probe
was placed where fascicles were most

Subject Demographics

Muscle Tested	Gender
TA

types of therapeutic exercise prescribed
in rehabilitation. Therefore, the purpose
of this study was to determine the fascicle
length change in the TA and VL muscles
during gait.

Age (y)	Height (m)	Body Mass (kg)

Male (n = 6)

23.0 6 1.4

1.80 6 0.05

73.8 6 3.7

Female (n = 3)

23.3 6 0.6

1.63 6 0.08

58.3 6 7.3

Male (n = 5)

22.8 6 1.5

1.81 6 0.05

74.3 6 3.9

Female (n = 2)

23.5 6 0.7

1.63 6 0.11

55.7 6 8.0

Abbreviations: TA, tibialis anterior; VL, vastus lateralis.

FIGURE 1. Experimental setup showing placement
of ultrasound transducer, surface electrodes, and
electrogoniometers.
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TA muscle,25 therefore fascicle length was
measured only in the superficial unipennate portion of the muscle.
Intrarater reliability for fascicle length
measurement was determined separately
for the TA and the VL using an intraclass
correlation coefficient (ICC3,1), with the 2
measurements of fascicle length taken at
the point of heel contact for all 9 subjects
for the TA and all 7 subjects for the VL.
The coefficient of variation of the fascicle measurement was also calculated.
The accuracy of this method for determining muscle fascicle length has been
established on cadaver biceps femoris
muscles by comparing the fascicle length
determined with ultrasound imaging to
the fascicle length from dissection of a
small bundle of fibers in the same area
of the muscle.5 The ultrasound image
yielded a fascicle length of 8.8 6 1.8 cm,
compared to 8.0 6 1.5 cm for the actual
fiber bundle length.5

Joint Kinematics and EMG
Joint kinematics and EMG were monitored by a second computer synchronized by a common voltage signal to the
ultrasound video capture computer via
the audio channel. Surface EMG was
used to determine muscle activity of the
TA and VL muscles. The skin was shaved
and cleaned with alcohol to ensure appropriate contact with the electrode surface. Two 3-mm-diameter Blue Sensor
disposable electrodes (Noraxon USA,
Inc, Scottsdale, AZ) were then placed
over each muscle at a center-to-center
distance of 2 cm.2 The ultrasound transducer was first placed directly over the
TA or the VL muscle belly and then surface electrodes were placed immediately
proximal to the transducer over the TA
muscle and distal to the transducer for
the VL muscle. Although this is not ideal
placement for the EMG electrodes, this
placement was most optimal for collecting EMG data after placement of the
transducer. A single ground electrode
was also placed over the patella. The
EMG signal was sampled at 1000 Hz at a
bandwidth of 20 to 500 Hz using an In-
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FIGURE 2. Representative ultrasound images of fascicles from the tibialis anterior (TA) and the vastus lateralis (VL).
The lines are drawn parallel to the fascicle. (A) The TA fascicle in a shortened length, at 0% of the gait cycle. (B) The
TA fascicle lengthened, at 64% of the gait cycle. (C) The VL fascicle in a shortened length, at 0% of the gait cycle. (D)
The VL fascicle lengthened, at 75% of the gait cycle. The horizontal line is the extension of the superficial fascia for
purposes of measuring the fascicle length. Distal is to the right.

tronix Model 2024F amplifier (Intronix
Technologies Corporation, Bolton, Ontario, Canada) and Spike 2, Version 3.13
software (Cambridge Electronics Design,
Ltd, Cambridge, UK). Specifications of
the amplifier include an input impedance
of 300 MV, a common-mode rejection
ratio of greater than 90 dB at 60 Hz, a
signal-noise ratio of greater than 110 dB,
and an amplifier gain of 1000. The raw
EMG was processed by full-wave rectification, then smoothed using a moving
average technique with a 50-millisecond
time frame (51 points), and then normalized to the maximum averaged value
during gait. For each subject, 8 strides
were analyzed and an ensemble average
of all subjects presented on a time-normalized graph.
Electrogoniometers (Penny & Giles,
Biometrica Ltd, Gwent, UK) were used
to monitor the ankle and knee angle
throughout the gait cycle. The electrogoniometers were adhered to the skin
of the right ankle and knee with adhesive tape. The electrogoniometers were
calibrated prior to data collection on
each subject. An ankle position of 90°
(shank-foot angle) was considered 0°.
Movement into plantar flexion was represented by positive angles and move-
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ment into dorsiflexion was represented
by negative angles. Knee flexion was represented by positive angles. Joint position was sampled at 300 Hz using Spike
2, Version 3.13 software.
Foot switches (Noraxon USA, Inc)
were adhered to the skin with adhesive
tape at the posterior plantar surface of
the heel, head of the first metatarsal, and
great toe. Prior to testing each subject, the
foot switches were calibrated by pressing
on each foot switch sequentially and recording the magnitude of the deflection
of the voltage signal. This enabled the
differentiation between stance and swing
phases during the gait cycle.

Procedures
Subjects were asked to walk barefoot
on a motor-driven treadmill (Quinton Medtrack ST55; Quinton Cardiology, Deerfield, WI) at a speed of 1.3
m/s, which represents average walking
speed.10,34 While subjects walked, muscle
activity, fascicle length, and joint angles
were collected simultaneously from
the right lower extremity. The subjects
walked on the treadmill for 1 to 2 minutes
to accommodate to the instrumentation
and to normalize the gait pattern at the
chosen speed. Data were collected over

TABLE 2

Tibialis Anterior Fascicle Length and Ankle
Angle at Each Interval of the Gait Cycle

	Gait Cycle (%)

Ankle Angle (°)

Fascicle (cm)

0

3.5 6 5.2

5.47 6 0.79

7

9.0 6 3.3*

5.48 6 0.99

46

–2.8 6 4.3*

5.80 6 1.08

64

19.7 6 4.6*

6.24 6 1.02*

82

2.2 6 3.1*

5.50 6 0.73*

94

6.7 6 3.6*

5.81 6 0.87

100

5.6 6 3.5

5.61 6 0.85

Positive angles represent plantar flexion and negative angles represent dorsiflexion.
* Significantly different than the previous point in the gait cycle (P,.05)
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ntrarater reliability based on
ICC3,1 for the fascicle length measurement from the ultrasound images was
0.93 for the TA and 0.90 for the VL.
The standard error of the measurement
was 0.06 cm for the TA and 0.10 cm for
the VL. The coefficient of variation was
2.8% and 3.5% for the TA and the VL,
respectively. The values for the reliability
of our measurements compare favorably
with the values reported by others who
have measured the TA and the VL fascicle
length.9,14,25,26
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FIGURE 3. (A) Tibialis anterior (TA) fascicle length and ankle joint angle as a function of the percentage of the gait
cycle. The lines represent a polynomial fit to the data of all subjects. Dorsiflexion (DF) is represented by negative
angles and plantar flexion (PF) by positive angles. (B) Normalized ensemble averaged electromyographic signal
amplitude as a function of percentage of the gait cycle. The dotted lines represent 61 standard deviation. The shaded
areas signify swing phase of gait.

a period of 5 to 10 seconds encompassing several strides. One stride from the
middle of the series of strides for each
subject was chosen for analysis. Although
there is some stride-to-stride variability
in the kinematics of gait, we found that
the variability of knee and ankle angle
was minimal, and therefore we chose to
analyze only 1 stride.
Swing and stance phases of gait were
identified by using foot switches to signify the time at which heel-strike and
toe-off occurred. Stance phase took place
from 0% to 63.9% (66.6%) of the gait
cycle. For the TA, the ankle joint angle
and the fascicle length were analyzed at
7 points of the gait cycle (0%, 7%, 46%,
64%, 82%, 94%, and 100%), corresponding to the points of maximum dorsiflexion and plantar flexion, as well as heel
contact. For the VL, the knee joint angle

RESULTS

and the fascicle length were analyzed at
5 points of the gait cycle (0%, 15%, 42%,
75%, and 100%), corresponding to maximum knee flexion and extension as well
as heel contact.

Data Analysis
Descriptive statistics were calculated for
ankle and knee angles, fascicle length,
and EMG signal. A 1-way repeated-measures analysis of variance was performed
to determine the differences in fascicle
length and joint angle between each of
the 7 points in the gait cycle for the TA
and ankle joint and each of the 5 points
in the gait cycle for the VL and knee
joint. Multiple comparisons for significant main effects were analyzed using the
least significant difference post hoc test.
Significant changes were accepted at an
alpha level of less than .05.

The ankle joint angle was significantly
different between each consecutive time
point in the gait cycle except between
94% and 100% of the gait cycle (Table 2).
On average the ankle plantar flexed 5.5°
between heel contact and 7%, dorsiflexed
11.8° between 7% and 46%, plantar flexed
22.5° between 46% and 64%, dorsiflexed
17.5° between 64% and 82%, and plantar flexed 4.5° between 82% and 94% of
the gait cycle (Figure 3A). Despite the significant changes in ankle joint angle that
occurred throughout the gait cycle, the
TA fascicle length changed significantly
only between 46% and 64% (an average
of 0.45 cm lengthening) and between
64% and 82% (an average of 0.75 cm
shortening).
The TA had the highest EMG activity
between 0% and 7%, between 64% and
82%, and between 94% and 100% of the
gait cycle (Figure 3B). Toward the end of
stance phase, the TA normalized EMG
activity begins to increase and continues
to be active until just before maximum
dorsiflexion (82% of gait cycle).

Vastus Lateralis
The knee joint angle was significantly different between each consecutive time in
the gait cycle (Table 3). On average, the
knee flexed 12.2° between heel contact
and 15%, extended 12.1° between 15% and
42%, flexed 53.7° between 42% and 75%,
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he TA and the VL are crucial for
normal function during gait. The
TA controls the lowering of the foot
to the ground after heel contact to avoid
foot slap, and it dorsiflexes the foot during swing phase to insure toe clearance.
The VL controls knee flexion that occurs
after heel contact and insures knee extension during terminal swing. This study
confirms, as others have shown, that the
TA and the VL are active during the expected phases of the gait cycle.7,8,31 The
change in fascicle length provides insight
into the dynamics of muscle function and
inferences can be made concerning the
interaction between muscle fascicle and
tendon length change during different
phases of the gait cycle.
During the initial portions of the stance
phase of gait, the ankle joint angle and the
knee joint angle change significantly, the
TA and the VL muscles are active, but the
fascicle length of both muscles does not
change significantly. As the ankle plantar
flexes and the knee flexes, the assumption is that the TA and VL muscle-tendon
complex of each muscle is lengthening,
suggesting an eccentric muscle action.
However, given the present data in which
the muscle fascicles are remaining at
constant length, the muscles are acting
essentially isometrically. Therefore any
lengthening of the muscle-tendon complex in the TA and VL is most likely due
to the lengthening of the tendon and its
extension into the muscle.

Vastus Lateralis Fascicle Length and Knee
Angle at Each Interval of the Gait Cycle

	Gait Cycle (%)	Knee Angle (°)

Fascicle (cm)

0

0.4 6 5.8

7.51 6 1.32

15

12.6 6 4.4*

7.78 6 1.28

42

0.5 6 4.4*

7.91 6 0.88

75

54.2 6 2.0*

10.48 6 1.14*

100

–0.5 6 4.3*

7.84 6 1.78*

Positive angles represent knee flexion angles and negative angles represent hyperextension.
* Significantly different than the previous point in the gait cycle (P,.05).

A

12

80

10

70

Fascicle

8

60
50

6

40

4

30
20

Angle

2
0

B

90

10
0

10 20 30 40 50 60 70 80 90 100

0

Gait Cycle (%)

Normalized EMG (%)

DISCUSSION

TABLE 3

]

Knee Angle (deg)

and extended 54.7° between 75% and
100% of the gait cycle (Figure 4A). The VL
fascicle lengthened significantly (an average of 2.57 cm) between 42% and 75%
and shortened significantly (an average of
2.64 cm) between 75% and 100% of the
gait cycle; but the fascicle length did not
change in the first and second portions of
the gait cycle. The VL was active during
the first portion of stance phase from heel
contact to 15% of the gait cycle and at the
end of swing phase from 85% to 100% of
the gait cycle (Figure 4B).
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FIGURE 4. (A) Vastus lateralis (VL) fascicle length and knee joint angle as a function of the percentage of the gait
cycle. (B) Normalized ensemble averaged electromyographic signal amplitude as a function of percentage of the gait
cycle. The dotted lines represent 61 standard deviation. The shaded areas signify swing phase of gait.

When the TA is active without joint
motion, the tendon exhibits considerable displacement, resulting in fascicle
shortening.17,27-29,32 In addition, during
isokinetic eccentric muscle actions, the
TA muscle fascicles lengthen only slightly
and are considered to be acting “quasiisometrically.”36 Therefore, during an
eccentric action, the tendon compliance
allows the muscle-tendon complex to
lengthen and joint motion to occur.
The lack of fascicle shortening or
lengthening during the first 7% of the
gait cycle in the present study suggests
that the TA attempts to store energy by
allowing the tendon to lengthen while
the muscle produces high forces isometrically. This proposed interaction is similar to the interaction that has been shown
between the medial gastrocnemius and
the Achilles tendon during countermovement jumps and during walking.10,16,18 If
a muscle-tendon complex stores energy
while lengthening, the assumption is
that the energy will be released to per-
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form some useful function. In the case of
the TA during walking, the function of
the TA tendon may be related to its stiffness. The TA tendon has been reported
to have a stiffness value of 161 N/mm,
which was determined in response to
electrical stimulation of the TA muscle.28
The stiffness of the TA tendon alone is
slightly higher than the combined stiffness of the dorsiflexor muscle group,6
but remains within the toe region of the
stress-strain relationship.6,29 Although it
is difficult to compare the tension during electrical stimulation6,28 to the level
of EMG signal during the first 7% of the
gait cycle in the present study, the TA
tendon and muscle stiffness (due to the
increased EMG signal) may function to
limit the amount of plantar flexion and
therefore assist in maintaining forward
momentum of the tibia during the heel
rocker action at the ankle.
The assumption that the TA tendon
lengthens during loading response may
be affected by the compliance of the an-

terior retinaculum at the ankle. A significant change in TA moment arm between
rest and maximum isometric voluntary
contraction suggests that the retinaculum stretches, potentially resulting in
less tendon elongation than would be
expected.26 Based on a 40% increase in
moment arm at a neutral ankle position
during a maximal isometric voluntary
contraction, and estimates of resting tendon length,26 tendon elongation would
be decreased by approximately 1.6%. TA
tendon and aponeurosis strain have been
reported to be 4.8%,27 so the effect of the
retinaculum compliance is substantial
during maximal actions. As noted, these
measurements of retinaculum stretch
were made at maximum isometric voluntary contraction, and the effect on tendon elongation at force levels less than
maximum isometric voluntary contraction, such as those produced in walking,
is most likely less.
Although the VL fascicle length change
exhibits a similar pattern as the TA during the initial portions of the stance
phase, the implications of the VL fascicle
length change may be somewhat different than for the TA. The knee joint flexes
about 12° from full extension and the VL
muscle activity is at its highest level during the time from heel contact to 15% of
the gait cycle. During the knee flexion
phase of a drop jump, the knee flexes
from 0° to 75°, with a corresponding
lengthening of the VL fascicles of about
1.5 to 2.0 cm.14,15 If the current change in
fascicle length during the first 12° of knee
flexion (about 0.25 cm) is extrapolated
to the same range of motion as the drop
jump, the fascicle length change during the loading response of gait is comparable to the amount seen in the drop
jump. This suggests that we might be seeing the beginning of an eccentric action
in loading response. Whether this is an
isometric action or the beginning of an
eccentric action is difficult to know and
may not be as important as the potential tendon interaction. Because there is
only a small (statistically nonsignificant)
amount of VL fascicle lengthening in the

initial portion of stance, the VL tendon is
most likely lengthening to account for the
significant change in knee flexion, which
is similar to what happens in the braking
phase of a drop jump. With a larger sample size, the VL fascicle lengthening may
have been significant. The VL fascicles
lengthen somewhat in the drop jump, but
the tendon lengthens to a greater degree,
storing energy to be used in the subsequent push-off phase of the jump.14,15 This
suggests that the VL tendon may contribute to the storage of elastic strain energy
in movements such as the drop jump and
walking, and this stored energy could be
used to assist with the subsequent knee
extension. In addition, the potential tendon elongation may act as a mechanical
buffer limiting the amount of fascicle
lengthening and muscle injury from eccentric muscle action.12,23
The intensity of the activity may also
affect the length of the VL fascicle. As the
intensity of the drop jump increases, the
fascicle lengthens less during the braking or knee flexion phase.14,15 Although
the tendon does not lengthen more with
increasing intensity during the braking
phase, the tendon does shorten more with
increasing intensity during the pushoff or knee extension phase of the drop
jump.14,15 There is some indication that
the interaction of the fascicles and tendon may be muscle specific. The nature of
this specificity is not necessarily known at
this time, but may be due to factors such
as intrinsic differences in tendon material
properties14,15,19,28 or that the VL is uniarticular and the TA is multiarticular.
During the stance phase of walking,
it appears that the predominant type of
muscle action is isometric in the TA, VL,
and medial gastrocnemius,10,16 despite
muscle-tendon complex lengthening. By
acting isometrically, the muscle has the
potential to produce high forces based on
the force-velocity relationship, to avoid
muscle injury from eccentric actions, and
to store energy through the elastic properties of the tendon. Because muscles
produce higher forces and are sustaining
greater strain during eccentric compared

to isometric actions, the muscle is more
susceptible to injury during eccentric actions. The tendon compliance allows the
muscle to limit some of its lengthening
and possible subsequent muscle injury,
but still maintain a relatively high potential force. On the other hand, eccentric exercises are commonly suggested as
part of the rehabilitation of tendon injuries.37 Because it is possible that there is
substantial strain on the tendon during
eccentric muscle actions, eccentric exercises should be used with caution at
certain stages of healing to avoid reinjuring the tendon. Based on the current
data and that of others, one could argue
that isometric exercises (which result in
tendon strain) could be effectively used
in rehabilitation of tendon injuries. This
may be an appropriate first step in the
rehabilitation of tendon injuries prior to
the initiation of eccentric exercises.
There are 2 possible mechanisms
for energy storage in the tendon. Fukunaga et al10 have proposed a spring-like
mechanism that accounts for the energy
storage in the Achilles tendon, whereas
Ishikawa et al16 have proposed that the
energy storage occurs as the result of a
catapult action because of the slow cycle
time and long ground contact time in
gait. Additionally, it has been suggested
that the sarcomeric elastic protein titin
may play a role as a muscular spring during eccentric actions.24 Whichever mechanism is at work, the end result is that the
joint motion at the knee and ankle during
stance phase appears to occur because of
a change in length of the tendon rather
than the muscle fascicle.
Toward the end of stance phase, the
ankle plantar flexes and the knee flexes.
The TA muscle activity is minimal until
the very end of stance, where the activity
begins to increase in preparation for toeoff. The VL, on the other hand, continues
to have minimal activity throughout the
end of stance phase. The fascicle length of
both the TA and VL increases during this
portion of the stance phase primarily due
to the passive lengthening of the muscletendon complex. The exception to this is
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the increase in TA activity toward the end
of stance that could attenuate the amount
of the lengthening of the TA fascicle.
Just prior to the beginning of swing
phase, the TA EMG activity increases and
remains high as the ankle dorsiflexes and
the TA fascicles shorten, confirming that
during this unloaded motion of the ankle
the TA muscle action is concentric. The
TA fascicle shortens from 6.24 to 5.50
cm during the initial swing phase (from
nearly 20° to 2° of plantar flexion), which
is comparable to the values reported for
isokinetic concentric actions at 50°/s
(5.4 cm at 8° of plantar flexion).36 The
TA fascicle lengths in the present study
are slightly longer than those reported
by Reeves and Narici36 and could be due
to a lower muscle force during walking
than during maximal isokinetic actions.
This lower muscle force may be due to
a low external torque (only the effect
of gravity on the foot), and the higher
angular velocity (95°/s) during the concentric action in gait, resulting in lower
muscle force. 36
During the latter portion of the swing
phase (75%-100%) corresponding to
terminal swing, the knee extends from
about 55° of flexion to 0° and the VL
muscle activity increases only in the last
15% of swing. The VL fascicles begin to
shorten prior to the increase of muscle
activity, suggesting that the change in
fascicle length is primarily a function of
passive knee motion until the last 15% of
swing phase. The 2.64-cm fascicle shortening seen in this portion of swing phase
is slightly less than the 3.0-cm changes
seen during isokinetic concentric muscle
actions.9,13 This discrepancy could be
because of the smaller range of motion
(55°-0° versus 90°-20°), higher angular
velocity of motion (260°/s versus 150°/s),
or less muscle force during gait than during maximal isokinetic testing. It is interesting that the knee flexes and extends
equally about 54° and the VL fascicle
length change is nearly identical in both
flexion and extension. This would suggest that there is no interaction between
the muscle and the tendon during this
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unloaded motion of the knee. Therefore,
the muscle-tendon complex shortening is
accounted for by the fascicle shortening
that is initially passive and then becomes
an active concentric action. The knee
flexion that occurs in the early portion of
swing lengthens the largely passive VL,
thus potentially stretching the elastic
protein titin, which could assist in the
beginning of knee extension in the same
manner that titin augments myocardial
contraction.11
Although there was very little EMG
activity during the majority of the stance
phase in either the TA or the VL, the
normalized EMG baseline levels are
relatively higher than would be expected
(20%-30% of the dynamic maximum)
during gait. There are 2 factors that potentially could account for the higher
baseline. First, the EMG was normalized to the maximum activity during the
gait cycle. Because the maximum EMG
activity during gait is relatively low compared to a maximum isometric action,
the baseline activity would be amplified.
Second, the electrodes were not placed
over the center of the muscle. This would
most likely decrease the amplitude of the
EMG signal during muscle contraction,
but not affect the baseline noise during
periods when the muscle is relaxed, and
therefore increase the normalized baseline EMG activity. As a comparison, our
EMG data for the VL are similar to data
in which dynamic maximum normalization was compared to other methods of
normalization, including maximum voluntary isometric contraction.3
The accuracy of fascicle length measurements using ultrasound imaging
during motion is limited by the ability to
maintain the transducer in the plane of
the fascicle as the muscle changes shape
during motion. If the transducer is not
in the plane of the fascicle, the measurement will underestimate the actual length
of the fascicle. In addition, the interpretation of the type of muscle action based on
fascicle length changes is limited by the
fact that fascicle length changes may not
accurately represent sarcomere length
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changes. For example, a lack of change
in fascicle length may be the sum of random shortening and lengthening of serial sarcomeres. Although the number
of subjects in this study was small and
consisted of only young healthy college
age participants, thus limiting the generalizability of the results, the results are
consistent with other studies using similar methodology.

CONCLUSION

T

he TA and VL appear to act
nearly isometrically during the beginning of stance phase, despite a
change in joint angle corresponding to
a potential lengthening of the muscletendon complex. During swing phase of
gait, the TA and VL fascicles shorten as
the ankle dorsiflexes and the knee extends, suggesting a concentric action.
The isometric action of the TA and VL
during stance phase allows the muscles
to produce high forces, avoid injury from
eccentric actions, and to store potential
energy in the tendon that can then be
used to decrease the energy demands of
walking.
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