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ABSTRACT

BLAZEVICH, A. J., N. D. GILL, R. BRONKS, and R. U. NEWTON. Training-Specific Muscle Architecture Adaptation after 5-wk
Training in Athletes. Med. Sci. Sports Exerc., Vol. 35, No. 12, pp. 2013–2022, 2003. Purpose: This study examined changes in the
muscle size, muscle architecture, strength, and sprint/jump performances of concurrently training athletes during 5 wk of “altered”
resistance training (RT). Methods: Eight female and 15 male athletes performed 4 wk of sprint, jump, and resistance training in addition
to their sports training (standardization) before adopting one of three different programs for 5 wk: 1) squat lift training (SQ, N � 8)
with sprint/jump training; 2) forward hack squat training (FHS, N � 7) with sprint/jump training; or 3) sprint/jump training only (SJ,
N � 8). Muscle size, fascicle angle, and fascicle length of the vastus lateralis (VL) and rectus femoris (RF) muscles (using ultrasound
procedures) as well as 20-m sprint run, vertical jump, and strength performance changes were examined. Results: A small increase in
VL fascicle angle in SQ and FHS was statistically different to the decrease in SJ subjects (P � 0.05 at distal, P � 0.1 at proximal).
VL fascicle length increased for SJ only (P � 0.05 at distal, P � 0.1 at proximal) and increased in RF in SQ subjects (P � 0.05). Muscle
thickness of VL and RF increased in all training groups (P � 0.05) but only at proximal sites. There were no between-group differences
in squat, forward hack squat, or isokinetic strength performances, or in sprint or jump performances, despite improvements in some
of the tests across the groups. Conclusions: Significant muscle size and architectural adaptations can occur in concurrently training
athletes in response to a 5-wk training program. These adaptations were possibly associated with the force and velocity characteristics
of the training exercises but not the movement patterns. Factors other than, or in addition to, muscle architecture must mediate changes
in strength, sprint, and jump performance. Key Words: FASCICLE, PENNATION, MOVEMENT PATTERN, VELOCITY, SPEC-
IFICITY

Adaptations to resistance training (RT) appear spe-
cific to the movement patterns (4,27,29) and veloc-
ities (10,30) of the exercises used in training. A

number of studies have reported that strength changes that
were specific to the joint angle (e.g., ref. 26, 5-wk training)
or velocity (e.g., ref. 13, 4-wk training; ref. 27, 5-wk train-
ing) of the training exercises occurred rapidly, at least when
the training was not performed concurrently with other task
training. This raises the question of whether (or at what
stage of the training cycle) athletes should alter the move-
ment patterns of their RT exercises in order to provide a
changing strength stimulus (12).

Movement pattern- and velocity-specific adaptations to
training have been explained largely by changes in the
nervous system or by muscular changes such as fiber-type

transformation or alterations in the length-force character-
istics of sarcomeres. However, although little research has
examined the prospect, architectural adaptations including
an increase in pennation [fascicle or fiber angle] and de-
crease in fascicle length have also been reported after ex-
tended periods of RT (1,6,19). Increases in fiber angle, for
example, are thought to improve the force-generating ca-
pacity of a muscle by allowing a greater muscle mass to
attach to a given area of tendon (18) or, because fibers in
pennate muscles rotate during contractions, by allowing a
lower velocity of fiber shortening for a given muscle short-
ening velocity. Under such conditions, it would also be
possible for fibers to remain at lengths closer to their opti-
mum. Fiber length changes would also affect the force
production capacity of the muscle largely because longer
fibers contract at higher velocities than shorter fibers (23).
Indeed fascicle length, measured as an indicator of fiber
length, has been shown to be greater in top 100-m sprinters
than long-distance runners (3) and lesser-trained sprinters
(20). It is possible therefore that the type of training per-
formed affects muscle architecture. Such length changes
might also alter the force-length characteristics of a fiber
(28) and therefore the force-length characteristics of the
muscle of which it is a constituent.

Despite these potential changes, no research has assessed
muscle architecture after short-term training periods, partic-
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ularly in sporting populations. It is also unclear how muscle
architecture is affected by the cessation of RT, a common
practice of athletes in the weeks before an important com-
petition. Given that strength training is associated with
increases in fascicle angle and decreases in length, whereas
the muscles of athletes who perform a high quantity of speed
training appear not to have such an architecture, it is pos-
sible that muscle architecture changes are velocity specific.
One would expect therefore that, in athletes who commonly
combine strength and speed training, those who continue to
perform their strength training would show opposite adap-
tations to those who cease RT (but continue speed training).
There are no previous data that would suggest whether such
changes occur in short training periods. Therefore, the pur-
pose of the present study was to examine changes in the
muscle size, muscle architecture, strength, and sprint/jump
performances of concurrently training athletes after differ-
ent 5-wk training programs (sprint/jump training � RT).

METHODS

Subjects

Thirty competitive athletes volunteered for the study (age
[mean] � SD: 22.1 � 1.9 yr). Twenty-three subjects (eight
women [height: 170.1 � 3.6 cm; weight: 61.0 � 4.9 kg] and
15 men [height: 179.0 � 4.6 cm; weight: 82.5 � 7.4 kg])
completed the study with the largest portion of withdrawals
resulting from injury sustained outside the study. Male and
female subjects have been pooled in previous strength train-
ing studies (e.g., 15,25) and were both included in this study
to obtain the necessary number of well-trained subjects
based on power calculations (N � 30). All subjects partic-
ipated in competitive sports such as rugby union, rugby
league, soccer, or netball (see Table 1). They had been
regularly performing bodybuilding-type RT (e.g., approxi-
mately 6–12 repetitions per set, three sets per exercise; no
“Olympic” or “power” lifting training) for at least the pre-
vious 3 months, could produce a force equal to twice their
body weight during an isometric squat lift, and had no recent
injuries or medical conditions that would prevent maximal
exertion. Typically, the subjects performed two sports train-
ing sessions per week and played one competitive game;
testing was conducted mid-season. All subjects performed
upper-body resistance training twice per week, and this
training was constantly maintained through the duration of
the study. Subjects read and signed statements of informed

consent before participation in the study. The research was
approved by the Southern Cross University Human Re-
search Ethics Committee.

Protocol

Subjects completed 4 wk of resistance and sprint/jump
training (standardization) before a 5-wk (specific) training
phase. During the 4-wk standardization phase, subjects per-
formed two sprint/jump and two RT sessions per week
(lower-body training was standardized whereas upper-body
training was consistent with their previous training). The
purpose of such training was to ensure subjects were per-
forming similar training and that their training compliance
was high before the specific training phase. Each sprint/
jump session involved 1 h of supervised training in sprint
running and vertical jumping technique (see Table 2 for
program). Lower-body RT sessions involved performing
three sets of 10 repetitions of reclined leg-press, deadlift, leg
extension, leg curl, and standing calf raise exercises, which
were typical of the RT exercises used by the subjects in their
previous training. Attendance at training sessions was mon-
itored; all subjects performed at least six sprint/jump and
lower-body RT sessions over the 4-wk period.

After the 4-wk standardization phase, subjects were di-
vided into three training groups with male and female sub-
jects distributed equally among the groups. These groups
were named squat (SQ), forward hack squat (FHS; see Fig.
1) and sprint/jump (SJ) based on their training. By the end
of the study the SQ, FHS and SJ groups contained eight,
seven, and eight subjects, respectively. Drop-out largely
resulted from injuries sustained in sports competitions (sub-
jects were omitted from the study when less than 90% of
scheduled sessions were completed; each group contained at
least two female subjects; thus, male/female ratios were
similar between the groups). SQ and FHS groups performed
two lower-body weight-training sessions plus two sprint/
jump sessions per week, whereas SJ subjects performed four
sprint/jump sessions. Two RT groups, SQ whose RT train-
ing mimicked the vertical jump (VJ) and FHS whose RT
training mimicked the acceleration phase of a sprint (de-
scribed later) were included because a single RT group
might by chance improve only in tests where the movement
patterns were similar. Thus, the chance of a “false positive”
result showing movement pattern-specific adaptations was
reduced by the study design because both the SQ and FHS
groups would have had to improve their VJ and sprint
running performances, respectively, and/or have signifi-
cantly different muscle architectural adaptations, for the
changes to be regarded as a movement pattern-specific
training effect. Allocation of testing resources to the “three-
group” design precluded the testing of a nontraining group
of subjects. Although this does not affect the testing of the
present hypotheses (i.e., determine differences in training
responses between the groups), future research is required to
substantiate the individual group training responses relative
to a nontraining control.

TABLE 1. Gender and sporting orientation of subjects by group (F, female; M, male).

Group N Gender Sporting Orientation

Squat (SQ) 8 3 � female 3 � netball (F)
5 � male 3 � soccer (M)

2 � rugby union (M)
Forward hack squat (FHS) 7 2 � female 2 � netball (F)

5 � male 3 � soccer (M)
1 � rugby union (M)
1 � rugby league (M)

Sprint/jump only (SJ) 8 3 � female 2 � netball (F)
5 � male 1 � touch rugby (F)

3 � soccer (M)
2 � rugby union (M)
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Training

Subjects in the SQ group performed RT twice a week
using the barbell back squat to a 1.57 rad (90°) knee angle
as their dominant training exercise during the specific train-
ing phase (see Table 3). The descending (eccentric) phase
was performed in approximately 2 s whereas the ascending
(concentric) phase of the squat was performed at maximum
velocity such that the subjects’ feet left the ground. Thus,
the squat could be considered a jump-squat; previous testing
in our laboratory had shown that the movement pattern of
the VJ with arms crossed over the chest (described later)
was similar to the jump-squat (8). In the first session of each
week (heavy day), subjects lifted weights that allowed only
six repetitions to be performed (6-RM, approximately 85–
90% 1-RM); weights were increased when subjects could
perform more than six repetitions in a set. Although the lifts
were performed explosively, the early concentric phase was
typically slow, but the weight was lifted with maximal effort
to the end of the subjects’ ranges of motion. Three minutes
of rest separated sets. In the second session of each week
(light day), subjects lifted weights equal to 30–50% of their
isometric maximum for three sets of six repetitions (approx-
imately 44% to 73% of 1-RM [ref. 9]) with loads increasing
5% per week. The loads and movement velocities were
different between sessions to provide a different training
stimulus (12,30) and prevent subjects from becoming ac-
customed to the training, and thus maximize the adaptive
response.

In addition to the squat lift training, SQ subjects also
performed supplementary exercises as shown in Table 3. All
sets were performed with a weight that allowed movement
failure within the allotted number of repetitions on the heavy

day (eccentric phase � 2 s, concentric phase � 1 s) but
could be performed with greater movement speed and with-
out failure on the light day. Weights generally increased
from 35 to 60% of pretraining 1-RM, progressing 5% per
week. Although these exercises add to the training stimulus
imposed on the subjects and therefore may have partially
masked changes resulting from the squat training they were
included because: 1) athletes often perform such supple-
mentary exercises in their training, and 2) it was deemed
important to minimize the risks of developing muscle im-
balances that can occur when antagonist muscles are not
trained. Ten minutes of stretching was performed at the
completion of training. SQ subjects also performed two
sprint/jump sessions per week (described below; total of
four sessions).

Training performed by the FHS group differed from SQ
only in the exercise used as the dominant lift in weight
training. FHS subjects used the one-legged FHS exercise (to
1.92 rad [110°] internal knee angle; the hip angle was
typically 90° at the lowest point of the lift) as their dominant
training exercise during the specific training phase (Fig. 1).
Thus, in contrast to SQ, training was performed unilaterally.
Within each session, legs were trained alternately with one
set being performed with the right leg and the next with the
left. The weight lifted on the light day was raised margin-
ally, compared with the squat (to 40–60% isometric max-
imum) because subjects were able to lift more in the dy-
namic FHS relative to the squat as a percentage of isometric
maximum (see ref. 9). During training, the sled on which the
weights were placed was moved forcefully and at maximum
velocity into a spring at the top of the movement. The spring
height was set individually for each subject to allow max-
imal movements through a full range of motion. In addition
to the RT, FHS subjects performed the same supplementary
exercises and stretching as the SQ subjects, and performed
two sprint/jump training sessions per week (total of four
sessions).

Subjects in the sprint/jump (SJ) group did not perform
weight training during the 5-wk specific training phase but
performed four sprint/jump sessions. Thus, the total number
of training sessions performed by all training groups was the
same. The sessions typically lasted 1 h and consisted of a
10-min warm-up, 30–40 min of sprint and jump training,
and 10 min of stretching at the end of the session (see Table
2). A qualified sprint coach who was unaware as to the
group allocation of subjects supervised all sessions for each
group. For sprint training, emphasis was placed on subjects

FIGURE 1—Body position for the unilateral forward hack squat
(FHS) exercise. These diagrams show the body position and laterality
of the task. The “free” leg can also be seen flexing while the “working”
leg extends. This movement was performed in an attempt to better
simulate the acceleration phase of sprint running.

TABLE 2. Sprint and jump sessions performed by all subjects. Training progressed from the standardization phase through the specific training phase. All sprints and jumps were
performed maximally. For the two sessions performed by SQ and FHS subjects, sprints were performed before jumps on the first session of each week, while jumps were
performed before sprints on the second. SJ subjects performed four sessions per week while SQ and FHS subjects performed two. The order of exercises was alternated
between sessions.

Week 1 (Standardization Phase) Week 1 (Specific Training Phase) Week 5 (Specific Training Phase) Rest

10-min warm-up 10-min warm-up 10-min warm-up Not applicable
1 � 3, 20-m sprints 2 � 3, 20-m sprints 2 � 4, 20-m sprints 2 min per
1 � 3, 30-m sprints 2 � 3, 30-m sprints 2 � 4, 30-m sprints repetition, 3 min per set
2 � 3, two-leg CMJ 3 � 4, two-leg CMJ 3 � 4, two-leg CMJ 1 min per set
2 � 3, one-leg CMJ (left and right legs) 3 � 4, one-leg CMJ (left and right legs) 3 � 4, one-leg CMJ (left and right legs)
10-min stretch 10-min stretch 10-min stretch Not applicable
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accelerating from a low body position such that they
achieved their upright running posture no sooner than 15 m
into the sprints. Not only was this deemed an effective
technique but also maximized movement pattern similarities
to the forward hack squat exercise. To minimize fatigue, SJ
subjects could not perform sprint sessions on four consec-
utive days. For SQ and FHS, sprint sessions were performed
on different days to the RT, and one rest day separated the
four sessions.

Testing

Before and after the 5-wk specific training phase, muscle
architecture assessments were made on the subjects’ right
vastus lateralis (VL) and rectus femoris (RF) muscles using
ultrasound imaging techniques. Twenty-four hours after this
testing, subjects performed 20-m sprint, vertical jump (VJ),
squat lift, forward hack squat, and isokinetic leg extension
tests. Test order was randomized among subjects at pretest
and repeated in the same order at the same time of day at
posttest. Three days of rest separated the last training ses-
sion of each phase from the testing.

Ultrasound Measurements

With subjects in a supine position, the knee was flexed to
1.57 rad (90°) where it was supported by the researcher.
After applying hypoallergenic, water-soluble transmission
gel to the skin, a qualified sonographer used an Acuson 8 L5
(8 MHz linear; Acuson) ultrasound transducer to scan the
surface of the thigh to locate the muscle-tendon junction at
the distal end of the RF muscle. Identification of the muscle-
tendon junction is shown in Figure 2. The transducer was
then moved 2 cm proximally where muscle thickness (dis-

tance between the aponeurosis and the fat layer) was cal-
culated from a transverse section by an Acuson Sequoia 512
system (Acuson) after the muscle was manually traced on
the image screen. The distance to this point was measured
on a line from the joint cleft at the lateral condyle of the
femur to the palpable center of the greater trochanter. This
point was named distal rectus femoris (RFdist). The scanning
head was then rotated to view a longitudinal section of the
muscle where the aponeurosis of the muscle and fascicles
attached to it were clearly visible. An ultrasound image was
stored for subsequent fascicle angle measurement. The mea-
sures were then repeated at a proximal site where anatomical
cross-sectional area was greatest (RFprox: proximal rectus
femoris). For VL, measures of muscle thickness and images
for fascicle angle assessment were also taken 2 cm from the
most distal muscle point (distal vastus lateralis: VLdist) and
at the point of greatest muscle thickness (proximal vastus
lateralis: VLprox). Again, the distances to these points were
measured from the lateral condyle. Sites at which images
were taken are shown in Figure 3. Repeated fascicle angle
measurements using this method have been previously
shown to be within 2% error (6) and estimates of muscle
thickness are highly reliable (ICC � 0.95; ref. 6).

FIGURE 2—The muscle-tendon junction of rectus femoris was deter-
mined by moving the scanning head (ultrasound) distally along the
thigh. Diagram A shows the dark center of rectus femoris and the
white connective tissue that surrounds it (circled). The muscle-tendon
junction was defined as the point at which the whole of the muscle
became white. A longitudinal section (diagram B) where the rectus
femoris can been seen to taper from dark muscle to white connective
tissue can verify this.

FIGURE 3—Muscle thickness, fascicle angle, and fascicle length esti-
mates were made at two sites of the rectus femoris (RF) and vastus
lateralis (VL) muscles using ultrasound. These sites are shown in the
diagram and described in the text.

TABLE 3. Resistance training (RT) programs performed by SQ and FHS training groups. On the heavy day subjects lifted weights that allowed failure after six repetitions while on
the light day subjects lifted lighter loads. Weights on the light day were set according to the subjects’ isometric maximum strengths.

Training Group Heavy Day Light Day Supplementary Exercises

Squat (SQ) Warm-up � Warm-up � 2 � 10 back extension
3 � 6 squats (6-RM) 3 � 6 jump squats 3 � 8 leg curl

30–50% of isometric maximum 2 � 8 standing calf raises
Forward hack squat (FHS) Warm-up � Warm-up � 3 � 6 (per leg) 2 � 10 back extension

3 � 6 (per leg) unilateral 3 � 6 (per leg) 3 � 8 leg curl
FHS (6-RM) unilateral FHS 2 � 8 standing calf raises

40–60% of isometric maximum
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Subsequent to the ultrasound testing, the angles of three
fascicles were measured manually three times on the pho-
tograph transparency of the longitudinal ultrasound image
by a goniometer (0.5° graduands) as done previously (6,14)
and the angle for each fascicle taken as the median of the
three recordings. The fascicle angle was measured at the
deep fascicle-aponeurosis junction; thus, fascicle curvature
was not accounted for. The mean of the median angle of the
three fiber bundles was considered the fascicle angle. The
bundles chosen were contained within 2 cm of each other in the
muscle. Fascicle length (FL) at each region on the two muscles
was estimated using the equation FL � (T/sin�), where � is the
fascicle angle and T is the muscle thickness (19,20).

Strength, Sprint, and Vertical Jump Testing

20-m sprint. Subjects’ times to run 10 m and 20 m were
recorded by infrared electronic timing lights (Swift Perfor-
mance Equipment, Lismore, Australia) while running on a
synthetic, indoor surface. All subjects performed four prac-
tice runs at increasing speed starting at a “fast jog” and
culminating in a maximal run. They were then allowed three
timed runs, although a fourth run was allowed if they pro-
duced their best time on the third run.

Single- and double-leg vertical jumps. Force and
displacement were recorded for three maximal trials each of
single- (subjects’ right legs) and double-leg VJ with arms
folded across their chests. A linear position transducer
(model PT9101, accuracy � 0.10% full stroke, Celesco
Transducer Products, Inc.) measured displacement (21); the
cable was connected to a belt tightly secured around the
subject’s waist. Voltage from the position transducer was
sampled at 100 Hz using a personal computer (IBM com-
patible, 486 DX) and stored on disk. Subsequently, displace-
ment was calculated using a scaling factor by a custom
computer program. The data were then smoothed with a
fourth-order, zero-lag Butterworth filter with a cut-off fre-
quency of 10 Hz.

Squat lift. Subjects performed three squat lift tasks: an
isometric squat and free-weight squats (jump-squats) with
weights equivalent to 30% and 60% of isometric maximum
force. Results from previous research (9) suggested these
dynamic loads were equal to approximately 44% and 88%
of dynamic 1-RM. Isometric and dynamic squats were
tested as previously described (9). Briefly, subjects per-
formed an isometric squat under an immovable bar with a
knee angle of 90°. The hip angle was identical to that
obtained in a preceding dynamic squat lift with the knee
angle at 90°. The maximum force was recorded by force
platform (Type 9287; Kistler Instumenté). This force was
converted to a mass measure (�9.8 m·s�2), and subjects
squatted with weights equivalent to 30% and 60% of their
predicted maximum on the force platform. Subjects were
required to lower the weight slowly before exerting a max-
imal effort upward against the weighted bar which was lifted
rapidly such that subjects’ feet often left the ground (i.e.,
jump-squat). Practice repetitions allowed the subjects to
estimate this position and each trial was observed to ensure

the knee angle was very close to 90° at the bottom of the
movement. The maximum force recorded during the con-
centric phase (performed for maximum velocity) was taken
as a measure of dynamic strength.

Forward hack squat. The forward hack squat machine
(see Fig. 2) was designed to allow movement patterns sim-
ilar to the acceleration phase of sprint running. The move-
ment patterns adopted by subjects have been described
previously (8,9) and appear very similar to those of subjects
accelerating during a sprint run (e.g., 17). In the present
study, subjects performed three maximum efforts of isomet-
ric (knee angle of 1.92 rad (110°) and hip angle of 90°) and
single- and double-leg forward hack squat. The dynamic
forward hack squat was performed with weights equivalent
to 40% and 70% of pretraining isometric maximum as
described in Blazevich et al. (9), which were equivalent to
approximately 36% and 62% of dynamic 1-RM. Relative
weights lifted (as percentage of isometric maximum, com-
pared with the squat lift) were raised marginally because
subjects could lift heavier weights in a forward hack squat
relative to the squat lift. Force during isometric and dynamic
muscle actions was sampled at 100 Hz by a load cell placed
in series with the movement direction of the weighted sled
(output � 1.9231 mV/V, hysteresis �0.02%, model LPS-
2KG, Scale Components Pty. Ltd., Australia). The signal
was collected using a personal computer (IBM compatible
486 DX) and data stored using a custom program written
using AMLAB software (Chattanooga, Inc.).

For the dynamic forward hack squats, a spring mecha-
nism prevented the sled from moving out of the subject’s
reach at the top of the movement and allowed a safe,
maximal push to the limit of the subjects’ ranges of motion.
Subjects were asked to hit the spring at the top of the
movement as hard as possible; they were allowed several
(two to three) familiarization trials to gain confidence in the
spring mechanism before the recorded trials. The maximum
force produced during isometric and dynamic FHS were
used as performance measures.

Isokinetic knee extension torque. Concentric, iso-
kinetic knee extension torque of the subjects’ right legs was
tested at joint angular velocities of 0.52 and 3.14 rad·s�1 (30
and 180°·s�1) using a KinCom Isokinetic Dynamometer
(Chattanooga Inc.). Subjects sat with a hip angle of 90° and
were secured by straps across the chest and waist. Subjects
performed two sets of four repetitions of maximal isokinetic
knee extension and flexion at an angular velocity of
180°·s�1, then two sets of three maximal repetitions of knee
extension at 30°·s�1. Two minutes rest separated the sets.
Concentric torque at each speed, and the angle of peak
torque at 30°·s�1, were recorded for each subject.

Data Analysis

Changes in muscle thickness, fascicle angle, fascicle
length, sprint and jump performance, and muscle strength
(isometric, isokinetic and isoinertial) were assessed using
repeated measures MANOVA with “group” as the between-
subjects factor and “time” (pre- to posttraining) as the with-
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in-subjects factor. For muscle architecture data, interaction
effects were analyzed by one-way ANOVA of difference
scores (i.e., pre- to posttraining changes). Bonferroni post
hoc analysis tested for significant differences. In the event
of nonhomogeneous distribution of data, Tamhane’s T2 post
hoc analysis was used. For performance data, Tukey’s HSD
post hoc analysis was used to determine differences between
the three groups. Power analysis was also performed to
examine the likelihood that significant effects could be
detected. When power was low (power � 0.8), effect sizes
(ES � mean difference/pooled standard deviation) were
calculated on near-significant results (P � 0.1) to examine
practically significant trends in the data (22). An alpha level
of P � 0.05 was set as the criterion for statistical signifi-
cance for all analyses.

RESULTS

Muscle architecture and size. Mean fascicle angle
data are presented in Table 4. There was a significant

decrease (P � 0.01) in fascicle angle at VLdist for SJ
subjects but no change in SQ or FHS; there was a trend
toward a difference in the magnitude of changes in SQ (ES
� 1.08) and FHS (ES � 0.78) compared with SJ. There was
also a significant time-by-group interaction at VLprox (P �
0.05) with the increases in fascicle angle in SQ and FHS
groups being different to the small decrease in SJ. Fascicle
angle at RFdist increased significantly in FHS (P � 0.05),
and there was a trend toward an increase in SQ (ES � 1.24).
There were no changes in SJ at RFdist and no changes in any
group at RFprox. Thus, there was good evidence for increases
in fascicle angle of VL and RFdist in SQ and FHS groups,
but there was a decrease (at VLdist) or no change in SJ
subjects.

Mean estimated fascicle length data are presented in
Table 5. Fascicle length increased significantly in SJ sub-
jects at VLdist (P � 0.05), and there was a similar trend at
VLprox (P � 0.06; ES � 1.26); there were no changes in SQ
or FHS subjects. The magnitudes of changes at VLdist were
different in the SQ and FHS groups in comparison with SJ

TABLE 5. Mean and standard deviation (SD) of pre- and posttest estimated fascicle lengths and fascicle length changes.

Muscle

Pretest Mean Posttest Mean Change
Mean
(mm)

Confidence
Interval(mm) SD (mm) SD

VLdist
SQ 92.2 28.0 88.5 17.1 �3.7 �24.3 to 16.9
FHS 78.9 18.6 71.9 22.9 �7.0 �31.6 to 19.5
SJ 64.4 7.1 116.0 15.8 51.6a 31.3 to 71.8

VLprox
SQ 140.0 29.1 133.0 16.2 �6.1 �37.9 to 24.7
FHS 108.1 53.0 113.9 38.6 5.8 �20.0 to 41.0
SJ 129.3 27.0 161.5 24.1 32.2 9.9 to 54.6

RFdist
SQ 170.0 42.1 207.4 69.4 37.4b �53.0 to 128.2
FHS 131.7 11.9 137.7 33.3 6.0 �63.7 to 65.0
SJ 127.3 41.5 194.9 48.8 67.6 �73.1 to 208.2

RFprox
SQ 117.9 34.0 216.1 16.5 98.2c 44.3 to 152.2
FHS 160.1 97.0 181.9 64.0 21.8 �180.3 to 240.6
SJ 106.2 29.3 147.8 36.8 41.6d 10.9 to 72.3

a Fascicle length increased significantly in SJ subjects at VLdist (P � 0.05) and there was a similar trend at VLprox (P � 0.06; ES � 1.26); there were no changes in SQ or FHS subjects.
The magnitudes of changes at VLdist were different in the SQ and FHS groups in comparison with SJ (P � 0.05). Although there was a mean increase in RF fascicle length in all groups
at both sites, these changes were significant only for SQ subjects at RFdist (P � 0.05b) and RFprox (P � 0.01c) and for SJ at RFprox (P � 0.05d).
VLdist, distal vastus lateralis; VLprox, proximal vastus lateralis; RFdist, distal rectus femoris; RFprox, proximal rectus femoris.

TABLE 4. Mean and standard deviation (SD) of pre- and posttest fascicle angles and changes in fascicle angle.

Muscle

Pretest Mean Posttest Mean Change Mean
(°)

Confidence
Interval(°) SD (°) SD

VLdist
SQ 8.3 1.8 8.8 0.8 0.5 �1.4 to 2.4
FHS 8.8 0.5 9.9 1.8 1.1 �1.4 to 3.7
SJ 9.9 0.7 6.8 0.8 �3.1a �4.0 to �2.2

VLprox
SQ 9.9 2.2 11.4 1.6 1.5b �0.5 to 3.5
FHS 10.0 3.2 11.3 3.1 1.3b �1.7 to 4.2
SJ 9.6 1.8 9.0 1.6 �0.6b �2.7 to 1.5

RFdist
SQ 4.1 1.1 5.4 1.0 1.3 �0.2 to 2.8
FHS 4.1 0.6 6.0 1.2 1.9c 0.2 to 3.5
SJ 5.4 1.4 5.2 2.6 �0.2 �4.4 to 4.0

RFprox
SQ 10.9 3.1 10.1 1.7 �0.9 �4.5 to 2.6
FHS 8.3 3.6 9.0 2.1 0.8 �7.5 to 9.0
SJ 10.7 5.2 11.3 5.6 0.6 �0.8 to 2.0

a There was a significant decrease (P � 0.01) in fascicle angle at VLdist for SJ subjects, but no change in SQ or FHS.
b There was also a significant time-by-group interaction at VLprox (P � 0.05) with the slight increase in SQ and FHS being different to the decrease in SJ.
c Fascicle angle at RFdist increased significantly in FHS (P � 0.05).
VLdist, distal vastus lateralis; VLprox, proximal vastus lateralis; RFdist, distal rectus femoris; RFprox, proximal rectus femoris.
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(P � 0.05), whereas at VLprox, there was a similar trend (ES
� 3.83). Thus, increases in VL fascicle length of SJ subjects
were not seen in the SQ or FHS groups. Although there was
a mean increase in RF fascicle length in all groups at both
sites, these changes were significant only for SQ subjects at
RFdist and RFprox and for SJ at RFprox. The lack of interac-
tion effects indicates that the changes in the groups were not
significantly different.

Mean muscle thickness data are presented in Table 6.
There was an overall increase in muscle thickness after
training at VLprox, RFprox, and RFdist (P � 0.05); however,
there were no significant between-group differences. At
VLprox, the increase resulted from significant changes in SQ
and FHS (P � 0.05) with a small mean increase occurring
in SJ. At RFprox there were significant increases in each
group (P � 0.05), whereas at RFdist there was a small (not
significant) mean increase in each group. There was a trend
toward a decrease at VLdist for FHS subjects relative to both
SQ and SJ (ES � 0.96 and 1.9, respectively); there was no
apparent difference between SQ and SJ. At VLprox, muscle
thickness of SQ (ES � 1.18) and FHS (ES � 0.78) may
have increased more than SJ, but these differences did not
reach statistical significance. At RFdist, there was a trend
toward muscle thickness of FHS (ES � 1.27) and SJ (ES �

0.90) increasing more than SQ. Thus, although there was
an increase in muscle thickness at all muscle sites except
VLdist, increases were greater in magnitude at proximal sites.

Performance changes with training. There were no
significant differences between the groups’ performances
either before or after the training in any of the strength
(squat or forward hack squat), VJ or sprint tests (i.e., no
interaction effect). There were, however, changes over time
for all subjects combined with improvements in 10-m sprint
time (P � 0.05), one- and two-legged isometric forward
hack squat force (P � 0.01) and force during a squat
(jump-squat) with a load equivalent to 30% of isometric
maximum (P � 0.05). Pre- and posttraining test perfor-
mances by group for sprint run, vertical jump, forward hack
squat, and squat tests are presented in Table 7.

While subjects produced more knee extension torque at
30°·s�1 than 180°·s�1 (246.7 � 62.6 N�m and 161.8 � 45.1
N�m, respectively; P � 0.001), there were no changes with
training. There was a near-significant (P � 0.07) increase in
the angle of peak torque (i.e., the knee angle was closer to
90°) when all subject data were combined for all groups;
however, there was no statistical difference between the
groups. This near-significant result was largely due to a
difference between SQ and FHS (ES � 0.71) and SQ and SJ

TABLE 7. Pre- and posttraining performances by group for sprint, vertical jump, forward hack squat, and squat tests. There was an increase in some strength measures (as
indicated) and decrease in 10-m sprint time across the subjects. There were no statistically significant between-group differences.

Test Variable FHS Pre FHS Post SQ Pre SQ Post SJ Pre SJ Post

10-m sprint (s)a 1.96 (0.30) 1.88 (0.21) 1.80 (0.18) 1.81 (1.05) 1.96 (0.23) 1.88 (0.16)
20-m sprint (s) 3.40 (0.57) 3.27 (0.43) 3.13 (0.33) 3.15 (0.27) 3.43 (0.43) 3.26 (0.33)
VJ 1L (m) 0.29 (0.09) 0.29 (0.10) 0.31 (0.07) 0.28 (0.06) 0.30 (0.08) 0.28 (0.07)
VJ 2L (m) 0.38 (0.16) 0.41 (0.11) 0.45 (0.09) 0.41 (0.08) 0.39 (0.11) 0.41 (0.11)
FHS 1L iso (N)b 1123.7 (352.9) 1453.9 (504.3) 1306.0 (318.6) 1574.6 (361.8) 1020.6 (252.8) 1317.3 (392.0)
FHS 2L iso (N)b 1795.9 (619.6) 2104.7 (717.5) 1906.2 (438.3) 2198.1 (460.0) 1573.1 (467.4) 1979.0 (621.4)
FHS 2L 40% F (N) 1195.4 (433.4) 1219.7 (427.3) 1444.9 (420.9) 1419.3 (387.8) 1013.5 (334.8) 1186.8 (364.8)
FHS 2L 70% F (N) 1863.7 (622.9) 1892.7 (540.6) 2348.6 (608.8) 2144.4 (520.2) 1677.8 (454.1) 1810.5 (530.6)
SQ iso F (N) 1633.0 (354.3) 1622.0 (383.9) 1783.1 (323.0) 1858.6 (284.9) 1615.9 (301.7) 1646.2 (256.4)
SQ 30% F (N)a 1829.9 (446.8) 1936.3 (358.5) 2081.4 (477.9) 2236.9 (451.8) 1750.0 (301.2) 1993.1 (396.4)
SQ 60% F (N) 2145.4 (409.6) 2256.3 (442.0) 2454.7 (887.2) 2716.0 (662.6) 2074.4 (417.4) 2322.5 (468.0)

a P � 0.05, b P � 0.01; indicates change from pre- to posttraining with no differences between the groups.
VJ, vertical jump; FHS, forward hack squat; SQ, squat; SJ, sprint/jump; iso, isometric contraction; 30%, 40%, 60%, 70%, load as a percent of isometric maximum; 1L,
single-leg; 2L, double-leg.

TABLE 6. Mean and standard deviation of pre- and posttest muscle thickness and change in thickness scores.

Muscle

Pretest Mean Posttest Mean Change
Mean (mm)

Confidence
Interval(mm) SD (mm) SD

VLdist
SQ 13.0 3.9 13.6 3.8 0.6 �0.4 to 1.6
FHS 13.9 2.8 11.3 2.8 �2.6 �9.2 to 4.0
SJ 11.0 0.6 12.4 2.0 1.3 �1.3 to 4.0

VLprox
SQ 23.4 4.4 26.0 3.6 2.6a,b 0.8 to 4.3
FHS 20.0 0.8 22.3 1.4 2.3a,b 0.1 to 4.5
SJ 21.0 2.1 21.6 1.7 0.7a �0.8 to 2.2

RFdist
SQ 13.4 2.3 13.6 3.2 0.2a �1.3 to 1.7
FHS 11.1 1.6 14.2 2.0 3.1a �0.6 to 6.8
SJ 11.4 1.0 13.8 2.8 2.3a �0.7 to 5.4

RFprox
SQ 24.0 2.6 25.9 2.2 1.9a,c 0.7 to 4.2
FHS 23.0 1.6 25.5 2.6 2.5a,c 0.7 to 4.3
SJ 20.8 3.3 25.0 4.1 4.2a,c 0.9 to 7.5

a There was an overall increase in muscle thickness after training at VLprox, RFprox and RFdist (P � 0.05); however, there were no significant between-group differences.
b At VLprox, the increase resulted from significant changes in SQ and FHS (P � 0.05) with a small mean increase occurring in SJ.
c At RFprox there was a significant increases in each group (P � 0.05) whereas at RFdist there was a small (not significant) mean increase in each group.
VLdist, distal vastus lateralis; VLprox, proximal vastus lateralis; RFdist, distal rectus femoris; RFprox, proximal rectus femoris.
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(ES � 0.90) groups, with the knee angle for SQ subjects
being greater (more flexed) after training, with no changes
in FHS and SJ subjects.

DISCUSSION

The major finding of the present study was that muscle
architecture adaptations occurred rapidly in response to the
training programs imposed on the athletes. For SJ subjects,
who performed only high-velocity training, fascicle angle
decreased whereas fascicle length increased, particularly in
VL. The present data are the first to show fascicle length
increases in response to an athletic training intervention. In
subjects who performed RT (SQ and FHS groups), there
were small but consistent increases in muscle fascicle angle
in VL and RF (except RFprox in SQ subjects) without
changes in fascicle length. There were few differences be-
tween SQ and FHS groups although these groups changed
differently to the SJ group. It is likely then that these
changes are related to the force and/or velocity characteris-
tics, but not the movement patterns, of the RT exercises. The
lack of differences between SQ and FHS subjects might
indicate that movement patterns of training exercises do not
affect architectural adaptations or that the training exercises
used here were not sufficiently different. In light of these
findings, further research is required that examines the im-
pact of training movement patterns on architectural
adaptations.

The changes in fascicle angles of subjects who performed
RT were less than those reported previously. For the VL,
fascicle angle increased by approximately 15% compared
with the 29% increase previously reported for the triceps
brachii after 16 wk of RT (19) and the 34% increase in the
VL after 14 wk of RT (1). The lesser change in the present
study may be attributed to the initial training status of the
subjects, the concurrent training performed by them (i.e.,
RT groups also performed sprint training, which may have
influenced fascicle angle changes) and/or the brevity of the
training intervention.

For RF, muscle architecture changes were less consistent.
Fascicle angle increased in the distal part of the muscle in
SQ and FHS subjects compared with SJ; however, no
changes were seen at the proximal site. Fascicle length
increased across the groups at the proximal site with the
greatest increases in SQ and SJ subjects (P � 0.05), but
there were no differences between the groups. The incon-
sistent results might be attributed to the complex function-
ing of this biarticular muscle. During most multi-joint lower
limb movements (e.g., pushing movements), hip and knee
extension occur simultaneously. As such, even during
movements where the joint ranges of motion are large, the
length of RF may change little but instead act almost iso-
metrically to transfer force from the hip to the knee (e.g.,
17). Given that pushing movements are performed fre-
quently in sports, the training stimulus provided to the RF
may not have been sufficiently unique to promote signifi-
cant and/or consistent architectural changes.

A muscle’s size directly influences its force generating
capacity. In the present study there was a general increase in
muscle size of RF and VL (as estimated by muscle thickness
changes) across all subjects, but although effect statistics
suggest there were some differences among the groups,
these differences were inconsistent and not statistically sig-
nificant. The inconsistency is probably partly attributable to
the varied changes in fascicle angle and length between the
groups. In the RT groups, increases in muscle size occurred
in tandem with small increases in fascicle angle and in the
absence of fascicle length changes, whereas for SJ subjects
muscle size increased in accordance with fascicle length.
Both types of muscle architecture adaptation will result in
increases in muscle thickness. It is also possible that fiber
hypertrophy, which was possibly likely to occur in SQ and
FHS groups, also occurred in the SJ group. Fiber hypertro-
phy has previously been reported after sprint-type training
(11,24). Given the training status of the subjects and 3-d rest
period between training and testing, it is unlikely that acute
and transient increases in fiber area, resulting from post-
training fluid shifts, for example, would have significantly
contributed to the common increases in muscle size across
the groups. Thus, the short-term variations in training may
have led to muscle size increases either by changes in the
architecture of the muscles or by fiber hypertrophy. Inter-
estingly, muscle thickness increases were greatest at prox-
imal muscle sites. The data therefore support the notion that
muscle hypertrophy in response to training might not be
consistent along the length of a muscle. Selective hypertro-
phy has been previously reported by other authors (16) and
is important to our understanding of muscle adaptations. Not
least, such findings suggest that assessments of muscle size
after a period of training should be performed at more than
one point on the muscle to ensure muscle size increases are
not missed.

Despite significant changes in muscle architecture, there
were no differences in the performance changes between the
groups. Given the difference in body position, laterality (i.e.,
unilateral vs bilateral) and movement range of motion of the
dominant exercises performed by the RT groups, these
results imply a lack of movement pattern-specific adapta-
tions after the training. Because there were also no differ-
ences in performance between the RT groups and the SJ
group, it could also be suggested that athletes who increase
the number of sports training sessions, but cease RT for
several weeks (e.g., SJ group), may not lose significant
strength or have their sporting performance affected. A lack
of performance differences between groups of subjects who
have shown markedly different physiological adaptations is
not uncommon (e.g., 24). The results of the present study
suggest that factors other than, or in addition to, muscle
architecture must mediate changes in sprint and jump per-
formance; therefore, the importance of muscle architecture
cannot be discerned from this study.

The most likely explanation for these results is that the
smaller amount of RT performed relative to other forms of
training in concurrently training athletes affects the speci-
ficity of the adaptive process. In previous studies that have
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shown rapid, specific adaptations to training, subjects per-
formed RT without combining other training components
(4,27). It is also possible that each training program (SQ,
FHS, and SJ) offered different benefits over the short train-
ing period but no single program was better than another, or
that the movement patterns of RT exercises were not dis-
similar enough to affect performances when used in the
context of the present study. More research is required to
examine these possibilities.

It is unlikely that the lack of between-group differences
resulted from differences in training volume between the
groups. The volume of training was identical between the
SQ and FHS groups, and although it is difficult to equate
training volumes of resistance and sprint/jump training, both
SQ/FHS and SJ subjects showed architectural changes of
similar magnitude (although opposite in direction). Thus, it
is probably unlikely that volume differences would have
been great enough to account for the lack of between-group
performance differences. Although it cannot be completely
discounted, it is also unlikely that the inclusion of both male
and female subjects would have significantly affected the
results. Proportional strength and muscle mass changes have
been shown to be the same in men and women (2) although
responses to sprint-type training have been shown to be
slightly greater in women (11). Significant joint angle-
specific strength changes have been reported in short (6 wk)
training studies using both male (N � 3) and female (N �
4) subjects when RT was performed without other training
elements (27). Given that statistically significant strength
and performance changes have been found in other studies
utilizing both men and women, where large gender-related
variability would have reduced the likelihood of statistical
significance being reached, and that inspection of the
present data revealed no outstanding differences between
the responses of the male and female subjects, it is unlikely
that the inclusion of both men and women would have
prevented significant effects being found.

Although the present data are the first to show a possible
lack of movement pattern-specific adaptation with concur-
rent training in athletes, a lack of velocity-specific adapta-
tion has been reported previously. Bell et al. (5) showed no
changes in power output in short (15 s) or medium (90 s)
duration rowing performance in trained rowers after 5 wk of
high- or low-velocity resistance training. Sleivert et al. (24)
found that improvements in cycle ergometer power in sub-
jects who performed 8 wk of strength training and then 6 wk

of bicycle sprint training were similar to a group that per-
formed sprint training for the entire 14 wk. Also, Blazevich
and Jenkins (7) found no differences in sprint performance
in well-trained sprinters who performed high-load weight
training (70–90% of 1-RM) compared with a group who
used lighter loads (30–50% of 1-RM). Thus, the results of
the present study are similar to those studies that have
examined the effects of combined strength and speed train-
ing on tasks involving high power outputs. It is possible that
movement-specific changes may occur only after long train-
ing periods in concurrently training subjects.

In conclusion, short-term variations in the training pro-
gram of concurrently training athletes (performing resis-
tance-, sports-, and sprint/jump training) were associated
with significant changes in muscle size and architecture.
Changes in the monoarticular VL appeared to be greater
than those in the biarticular RF with respect to fascicle angle
and fascicle length, although both muscles increased in size
with this increase predominantly occurring at the muscles’
mid-lengths (proximal sites). An important finding of this
study was that although increases in fascicle angle were
observed in SQ and FHS groups, decreases in fascicle angle
and increases in fascicle length were observed in subjects
who ceased RT. Despite the movement patterns of the
dominant training exercises being dissimilar between SQ
and FHS groups (all other training was the same), there were
no differences in the architectural adaptations between these
groups. This suggests that the force and velocity character-
istics of the exercises rather than the movement patterns
most likely influenced muscle architecture, although it can-
not be discounted that differences in architecture might
occur if the difference in movement patterns of RT exercises
was greater. Despite these significant changes in muscle
architecture, however, there were no performance (strength,
sprint, and jump) differences between the groups. More
research is required to fully understand the impact of exer-
cise movement patterns on both muscle architecture changes
and physical performance, particularly in concurrently train-
ing athletes.
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11. ESBJÖRNSSON LILJEDAHL, M., I. HOLM, C. SYLVÉN, and E. JANSSON.
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