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Abstract

The purpose of this study was to investigate the relation-
ship between 25-m sprint front crawl swimming perform-
ance and muscle fascicle length in young male swimmers.
23 swimmers were selected and divided into two groups
according to their best records of 25-m sprint perform-
ance: 14.6-15.7 sec (S1, n=11) and 15.8-17 sec (S2, n =
12). Muscle thickness and pennation angle of Biceps
Brachii (BB; only muscle thickness), Triceps Brachii
(TB), Vastus Lateralis (VL), Gastrocnemius Medialis
(GM) and Lateralis (GL) muscles were measured by B-
mode ultrasonography, and fascicle length was estimated.
Although, there was no significant differences between
groups in anthropometrical parameter as standing height,
body mass, arm length, thigh length and leg length (p <
0.001), however, S1 significantly had a greater muscle
thickness in VL, GL, and TB muscles (p < 0.05). Penna-
tion angle only in TB was significantly smaller in S1 (p <
0.05). S1 in VL, GL, and TB muscles significantly had
greater absolute fascicle length and in VL and TB mus-
cles had relatively (relative to limb length) greater fascicle
length (p < 0.05). Moreover, there was a significant rela-
tionship between sprint swimming time and absolute and
relative fascicle length in VL (absolute: r = -0.49 and
relative: r = -0.43, both p < 0.05) and GL (absolute: r = -
0.47 and relative: r = -0.42, both p < 0.05). Potentially, it
seems that fascicle geometry developed in muscles of
faster young swimmers to help them to perform their high
speed movement.

Key words: Muscle architecture, fascicle length, ultra-
sonography, sprint swimming, front crawl.

Introduction

Performance in swimming has been related to different
anthropometrical, physiological, and biomechanical pa-
rameters (Latt et al., 2010; Vitor and Béhme, 2010). From
physiological point of view one of the main factors that
affect's sprint performance capacity in swimming is
power generation of locomotor muscles. In this sense,
strength and speed are among major factors in a sprint
swimmer’s training program normally (Girold et al.,
2006). Considering these two factors as components of
power generation during sprint swimming (Hawley et al.,
1992); therefore, the active muscles should generate a

high rate of powerful shortening to produce maximal
mechanical power outputs (Kumagai et al., 2000; Stager
and Tanner, 2005).

Among the factors that could affect the ability of
muscle power generation, muscle architectural character-
istic such as fascicle length is an important indicator
(Blazevich, 2006). Although biochemical properties (my-
osin ATPase activity) are important in determining
maximal shortening velocity of muscle (Barany, 1967),
however, muscle architectural characteristics such as
muscle fascicle length have been shown to play an impor-
tant role in modulating biochemical effects (Blazevich,
2006; Sacks and Roy, 1982; Spector et al., 1980). More-
over, differences in maximal shortening velocity between
muscles are more closely associated with differences in
muscle fiber length rather than its biochemical differ-
ences, and muscle fascicle arrangement is probably a
greater determinant of general muscle function than other
aspects such as fiber type (Burkholder et al., 1994).

Recently, Nasirzade et al. (2013) demonstrated the
relative contribution of different architectural parameters
such as fascicle length and muscle thickness of vastus
lateralis from different biomechanical, anthropometrical,
and muscle architectural parameters in predicting 50-m
sprint front crawl swimming performance in young male
swimmers. Although there has not been another study to
examine these parameters in swimmers, the results of
similar studies on athletes that required high muscle
power production such as sprinting demonstrated that
sprinters compared to endurance runners and untrained
individuals have greater fascicle in their locomotor mus-
cles (Abe et al., 2000). Also, significant relationship be-
tween longer fascicle length and the best-personal sprint
performance have been found (Abe et al., 2001; Kumagai
et al., 2000). These findings demonstrated that the differ-
ence in sprint performance could be related to the differ-
ence in muscles fascicle length. Based on this informa-
tion, we assumed that fascicle length might play an im-
portant role in sprint swimming performance. Hence, the
purpose of present study was to investigate the relation-
ship between fascicle length of different muscles and
sprint performance of front crawl swimming in young
male swimmers.

Methods

Subjects
Twenty-three young male country level swimmers (age:
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13.86 = 0.86 years) belonging to the same local swim-
ming club, with background of 4 to 6 years of regular
training experience (8.3 = 1.1 h/week) participated in this
study. All children and parents were thoroughly informed
of the purposes and contents of the study and a written
informed consent was obtained from the parents before
participation. The study was approved by the local Uni-
versity Ethics Committee.

Study design

Each subject was measured on 2 separate days at ap-
proximately the same time of day on 3 different occa-
sions. On the first day, selected anthropometrical parame-
ters and swimming performance time were determined.
Anthropometric measurements were taken before swim-
ming test. On the second day, ultrasound images for mus-
cle architectural parameters assessment were taken.

Swimming performance

A video camera with rate of 30 Hz filmed all trials with a
profile view from above the pool. After taking the 25-m
sprint front crawl swimming times, the records ranged
between 14.62 and 16.94 sec. For comparison the sample
was divided into two groups based on the mean (15.70 +
0.74 s) of the 25-m swimming records: 14.62-15.67 sec
(SI, n = 11) and 15.79-16.94 sec (S2, n = 12). All the
swimmers performed 2 maximal front crawl 25-m trials
with a 15 min active recovery period between the 2 trials.
The faster trial was accepted as the swimmer perform-
ance. In-water starts were used and swimmers performed
the maximal trial alone in each lane. The time spent to
cover the 25-m between pushing off from the wall and
touching the wall on the other side of the pool was re-
corded as the swimmer performance time.

Anthropometric data

Height and body mass were measured using standard
laboratory equipment, and body-mass index (BMI) was
calculated. Limbs length were measured from the right
side of body in standing position by using anatomic
landmarks: upper leg length, the distance between the
lateral condyle of the femur and greater trochanter, lower
leg length, the distance between the lateral malleolus of
the fibula and the lateral condyle of the tibia, and upper
arm length, the distance between the lateral epicondyle of
the humerus and the acromial process of the scapula. All
anthropometric parameters were measured to the nearest
0.1 cm by two expert evaluators in accordance with the
ISAK guidelines (Stewart et al., 2011), using a sliding
caliper (Sanny, American Medical from Brazil, BR).
Mean value of both measurements was computed
(ICC=0.95) (Weir, 2005).

Skeletal muscle architectural parameters

Five different muscles were investigated including Vastus
Lateralis (VL; midway between the lateral condyle of the
femur and greater trochanter), Gastrocnemius Lateralis
(GL; 30% proximal between the lateral malleolus of the
fibula and the lateral condyle of the tibia), and Gas-
trocnemius Medialis (GM; at the same level as GL) in
lower extremity (Kumagai et al., 2000) and lateral head of

Triceps Brachii (TB; midway of lateral epicondyle of the
humerus and the acromial process of the scapula) and
Biceps Brachii (BB; at the same level as TB) in upper
extremity (Matta et al., 2011). These muscles are highly
activated and recruited during front crawl swimming
propulsion (Birrer, 1986; McLeod, 2010).

Muscle architectural characteristics were measured
in vivo as described previously (Kumagai et al., 2000;
Matta et al., 2011; Reeves and Narici, 2003). Briefly, after
determining the measurement sites and coating them with
water-soluble transmission gel to aid optimum acoustic
coupling, the probe was placed perpendicularly to the
specific muscle to observe a cross-sectional image to
measure the muscle thickness. After imaging and marking
the images for later analyzing, the probe was placed at the
same point and parallel to the specific muscle resulting in
a longitudinal image to measure the pennation angle. The
muscle thickness was defined as the distance between the
superficial and deep aponeurosis of the muscle in the
cross-sectional image (Figure 1; left). The pennation
angle was measured as the acute angle of insertion of
muscle fiber fascicles into the deep aponeurosis in the
longitudinal image (o in Figure 1; right). Finally, fascicle
length was estimated by the following geometric formula
(L in Figure 1; right):

Fascicle length = Muscle thickness - (Sin (a))" (1)

where o is the pennation angle (Kumagai et al., 2000).
Thus, fascicles were assumed straight and the model did
not account for fascicle curvature. The error involved
with this technique has been shown to be reasonably low
(~2.3%) in contracted Tibialis Anterior (Reeves and
Narici, 2003), where fascicle curvature is significant.
Given that fascicles in the relaxed muscle are relatively
straight (see Figure 1; right), we estimated that our error
would be somewhat smaller.

All measurements were conducted from the right
side of body in the morning before performing any physi-
cal activity, and with the same condition for all subjects.
Imaging from BB and VL were taken in supine position
and TB, GM, and GL recorded in prone position with
arms and legs extended. Images were taken by B-mode
ultrasonography (EUB-405, Hitachi, Japan) with a 7.5-
MHz linear-array probe.

Two ultrasound images were taken from each trial,
and the average of the two values for each variable was
used for further analysis. All measurements were carried
out by the same experienced sonographer. Images were
analyzed with publicly available imaging software (Im-
agel 1.47c, National Institutes of Health, Bethesda, MD,
USA). The coefficient of variation for muscle thickness,
pennation angle, and fascicle length from the two images
were 2.4, 1.8, and 2.3%, respectively.

Statistical analysis

Results are expressed as means = SD. Normality of distri-
bution was checked with Kolmogorov-Smirnov test and
normal distribution was found in all the subgroups. Inde-
pendent-Samples T Test was used for comparison be-
tween the two performance groups and Pearson-product
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Figure 1. Ultrasound images of Vastus Lateralis (VL) and Intermedius (VI) muscles. Left: cross-sectional im-
age. Right: longitudinal image representing pennation angle (o) and fascicle length (L) of VL.

moment correlation was computed in SPSS (version 17)
to verify the relationship between sprint front crawl
swimming time and selected muscle architectural vari-
ables. In the entire study statistical significance set at p <
0.05.

Results

Participant's physical characteristics

Descriptive statistics for selected anthropometrical pa-
rameters and 25-m sprint swimming performance time are
presented in Table 1. There were no differences in the
anthropometrical parameters between groups, although S1
significantly had a faster swimming performance time
than S2 (p < 0.05).

Skeletal muscle architecture characteristics

S1 significantly had a greater VL, GL, and TB muscle
thickness than S2 (Table 2). Only in the TB did the S1
have a significantly lower pennation angle than S2 (Table
2). S1 significantly had a greater fascicle length in VL,
GL, and TB (Table 2). Relative fascicle length (relative to
limb length) in VL and TB was significantly greater in S1
than in S2 (Table 2).

Muscle thickness had negative correlation with 25-
m sprint front crawl swimming time in GM and GL (r = -
0.41 and r = -0.45, both p <0.05), but not in BB, TB, and
VL (respectively: r = -0.01; p = 0.68, r = -0.32; p = 0.13
and r =-0.30; p =0.17). Pennation angle in GM was sig-

nificantly correlated to swimming performance time (r =
0.42, p < 0.05), but there was no such correlation in VL,
GL, and TB (respectively: r=0.38; p=0.07,r=0.32; p =
0.13 and r = 0.18; p = 0.40). There were negative correla-
tion between absolute fascicle length and swimming per-
formance time in VL and GL (r = -0.49 and r = -0.47,
both p < 0.05), but not in TB and GM (r = -0.23; p = 0.28
and r = -0.19; p = 0.38). Moreover, there were negative
correlation between relative fascicle length (relative to
limb length) and swimming performance time in VL and
GL (Figure 2).

Discussion

The purpose of the present study was to investigate the
relationship between fascicle length of different muscles
and sprint performance of front crawl swimming in young
male swimmers. The results demonstrated that young
swimmers with a faster front crawl swimming sprint per-
formance significantly had a greater absolute fascicle
length in VL, GL, and TB. Also, they had a significantly
greater relative fascicle length (relative to limb length) in
VL and GL. There was a significant relationship between
muscle fascicle length (absolute and relative) and swim-
ming performance time in VL and GL muscles.

It has been demonstrated that muscle fiber shorten-
ing velocity is determined by muscle fiber type composi-
tion and muscle fascicle length (Barany, 1967; Schluter
and Fitts, 1994). Previous studies (Costill, 1978; Gerard et
al., 1986) revealed that sprint swimmers have a high

Tablel. Anthropometrical parameters and 25-m sprint swimming performance time in S1 (n = 11) and S2 (n = 12).

Variable 51 52
Mean (£SD) Range Mean (£SD) Range

Height (m) 1.71 (.06) 1.61 —1.81 1.70 (.06) 1.59-1.80
Body mass (kg) 57.8 (6.3) 53.5-70.6 59.9 (6.1) 56.1-71.2
BMI (kg'm™) 19.6 (1.5) 17.8-21.6 20.6 (1.2) 18.2-22.1
Thigh length (cm) 40.1(2.2) 37.1-442 39.8 (2.0) 36.3-43.1
Lower leg length (cm) 41.2 (2.3) 38.5-452 40.6 (2.2) 36.3 -44.7
Arm length (cm) 37.5 (1.6) 33.2-41.6 36.9 (2.0) 33.4-40.8
Swimming time (Sec) * 15.07 (.37) 14.62 — 15.67 16.31 (.40) 15.79-16.94

* Significant differences between S1 and S2, p < 0.05.
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Table 2. Architectural parameters of Vastus Lateralis (VL), Gastrocnemius Medialis (GM), Gastrocnemius Later-
alis (GL), Triceps Brachii (TB), and Biceps Brachii (BB) muscles in S1 (n=11) and S2 (n = 12).

S1 S2

Variable Mean (£SD) Range Mean (£SD) Range
VL * 2.25(.12) 2.01-2.45 2.14 (.11) 1.98 -2.31
GM 1.88(19)  1.52-2.15  175(17)  1.41-2.02
Muscle thickness (cm) GL * 1.70 (.21) 1.18-2.03 1.51 (.20) 1.08 - 2.01
TB * 2.24 (.15) 2.04-2.48 2.10 (.13) 1.92 -2.41
BB 2.08 (.21) 1.79 -2.47 2.04 (.22) 1.78 -2.52
VL 16.0 (2.6) 12.3-22.3 18.3 (3.7) 12.5-25.1
Pennation angle (°) GM 20.2 (3.8) 154-27.3 21.3(5.1) 13.3-29.0
GL 16.1 (1.6) 13.3-19.7 17.2 (2.1) 14.1-21.2
TB * 16.9 (2.3) 12.6 -21.6 19.1 (2.8) 13.2-22.8
VL * 8.30 (1.1) 6.19-10.71 7.04 (1.2) 491-9.16
. GM 5.59 (1.0) 423-8.11 5.04 (1.1) 3.18 - 6.87
Absolute fascicle length (cm) GL*  6.13(7) 513-7.19  523(L1)  3.22-7.69
TB*  786(14) 559-1142  655(1.1)  5.08-8.99

VL * 21 (.03) 15-.28 .18 (.03) 11-.24

Fascicle length/limb length (¢cm/cm) gi\:[ 145‘ Eg;; i(l) : ?; g Eg;; 8; : };

TB * .21 (.03) 15-.28 .18 (.04) .14 - .26

* Significant differences between S1 and S2, p < 0.05.
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Figure 2. Relationships between 25-m front crawl swimming sprint performance time and relative fascicle
length of Triceps Brachii (TB; left top), Vastus Lateralis (VL; right top), Gastrocnemius Medialis (GM; left
bottom), and Gastrocnemius Lateralis (GL; right bottom) muscles.

percentage of type II muscle fiber in their involved mus-
cles. Nygaard and Nielsen (1978) did a cross-sectional
study in which they found that swimmers had smaller
Type I and Ila fibers in the deltoid muscle compared to
controls, despite the fact that the overall size of the del-
toid muscle was greater. However, muscle fiber type
percentage could be varied among swimmers, even
among those who have been trained for specific swim-
ming distance (Sortwell, 2010). Also, evidence indicates
that muscle fiber composition bears little relationship to
performance capacities (Campbell et al., 1979). Despite
the fact, it would seem likely that muscle fiber type is a
more important muscle-based determinant of muscle
endurance while fascicle geometry affects more the
length-tension and force-velocity characteristics of a

muscle (Blazevich, 2006).

Fascicle-shortening velocity is an important factor
in determining muscle power output (Stager and Tanner,
2005). Potentially, there are two possibilities for longer
fascicle length leading to a faster sprint performance.
First, the longer fascicle length would result in greater
maximal shortening velocity (Abe et al., 2001; Kumagai
et al., 2000). Therefore, faster velocity would results in
greater power, which leads to improvement of sprint per-
formance. Thom et al. (2007) estimated that the decreas-
ing of fascicle length due to losing of sarcomeres placed
in one series results in 50% decrease in total maximum
velocity of muscle shortening of GM in the old men com-
pared with young men. Second, according to Hill’s equa-
tion (Hill, 1970), with increasing the velocity of muscle
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shortening, its force generating would decrease. However,
the shortening speed of each sarcomere in a fiber or fasci-
cle would be slower for a given speed of whole-fiber
shortening when there are more sarcomeres in series.
Also, according to the force-velocity relationship, sar-
comere force would not decrease as rapidly as fiber-
shortening speed increase (Blazevich, 2006; Kumagai et
al., 2000). Therefore, at high shortening velocities, longer
fascicles are capable of generating greater force
(Blazevich, 2006). As a result, power would be greater
which improve the sprint performance potentially.

Previously, the effects of muscle architectural pa-
rameters on swimmers performance had not been studied.
However, similar studies in this field demonstrated that
fascicle length (absolute and relative) is significantly
greater in locomotor muscles such as VL and GL of elite
sprinters with a faster sprint running performance time
(Abe et al., 2001; Kumagai et al., 2000). In present study
negative relationship has found between fascicle length
(absolute and relative) of VL and GL muscles with sprint
swimming performance. This is maybe due to the strong
relationship (r = 0.76) between lower-body power output
and sprint (50-m) front crawl swimming performance in
young swimmers (Hawley et al., 1992). Moreover, the
correlation of r=0.90, has been reported between 25-m
sprint front crawl swimming performance and leg power
in 8-12 year old children (Inbar and Bar-Or, 1977). Al-
though in front crawl actual contribution of leg kick in the
10% gain in maximal velocity in front crawl swimming
(Deschodt et al., 1999), however, leg action smooth the
intracycle fluctuations of swimming velocity (Persyn et
al., 1975), and also useful in keeping the body horizontal
in the water, especially during sprints (Hollander et al.,
1988), and therefore can be improved arm stroke effi-
ciency.

In the musculoskeletal system, muscles generate
force and transmit that force via tendons to bone. The
greater the force generated by muscle, the greater the
stress transmitted through the tendon. Increases in the
power requirement of our muscles (e.g. with speed) re-
quire a stiffer tendon to produce optimal efficiency and
also to produce the required power with the given muscle
volume (Lichtwarh and Wilson, 2008). However, there is
no evidence about front crawl flatter kick, it seems that in
such activity like walking and running the GM fascicles
contracted almost isometrically (Alexander, 2002). In-
deed, the tendon stretched and recoiled as the ankle flexed
and extended, but the muscle fascicles remained almost
constant in length and hardly did any work. Therefore,
tendon stiffness becomes an important factor in muscle
power generation ability. However, as opposed to the
well-documented changes in muscle with exercise, the
adaptive significance of changes in tendon stiffness with
exercise is unclear (Buchanan and Marsh, 2002). Al-
though, to our best knowledge no investigation conducted
on swimmers, Simonsen et al. (1995) found that tendons
increased stiffness in rats in response to a swim-training
program even though this type of exercise has low impact
loads. In this sense, it would be interesting to determine
the optimum fascicle length and tendon stiffness for
swimming activities and compare them to data from spe-

cialists in this sport.

Considering the determining role of arm movement
in generating propulsive force in front crawl swimming
(Deschodt et al., 1999; Sharp et al., 1982), we investi-
gated BB and TB muscles. Based on this consideration,
muscle thickness of BB was similar between groups, but
S1 had significantly greater muscle thickness in TB. Also,
the group with faster sprint swimming performance (S1)
had significantly smaller pennation angle and greater
absolute and relative fascicle length (relative to arm
length) in TB. So it seems that young swimmers with
faster sprint performance benefit from greater fascicle
length of TB in generating greater power.

Hawley et al. (1992) reported a positive correlation
between mean power of active muscles on shoulder joint
and sprint front crawl swimming performance in a group
of trained young swimmers with same average age to the
present study (r = 0.63, p < 0.01). Also, Inbar and Bar-Or
(1977) found a correlation of r = -0.92 between mean
power of the arms and 25-m freestyle time in a small
group of young swimmers (n = 9). As a result, it would be
expected that there should be a correlation between archi-
tectural characteristics especially fascicle length (absolute
and relative) of TB and sprint front crawl swimming per-
formance.

In the present study there was no correlation be-
tween architectural characteristics of TB and sprint front
crawl swimming performance. These results can be due to
several reasons that affect sprint performance of young
swimmers: (i) Based on literature (Stager and Tanner,
2005; Van Praagh, 2000), genetic factors influenced an-
aerobic muscle function and performance, and genetic
predispositions contribute around 50% of variance in
short-term anaerobic performance. This fact supports the
contention that sprinters might indeed be born, rather than
developed (Stager and Tanner, 2005). (ii) Indeed, usage
of potentially higher output muscle power due to the
longer fascicle length to generate faster forward motion in
swimming affected by swimmers technique. As shown by
Latt et al. (2010) from 28 different biomechanical, an-
thropometrical, and physiological parameters, stroke rate
and stroke index alone explained 92.6% of 100-m front
crawl swimming performance variability in adolescent
male swimmers (15.2+1.9 years). Also, Vitor and Bohme
(2010) reported that stroke index (1> = 0.62) is one of the
effective factors for predicting 100-m front crawl swim-
ming performance in young male swimmers (13.0 £ 0.7
years). Thus, stroke technique parameters play an impor-
tant role in front crawl swimming performance.

During these ages, long distance aerobic training is
a major component of young swimmers training program
as our subjects. These trainings could be affected and
interrupted the relationship between sprint swimming
performance and muscular architecture parameters.
Therefore, to verify this relationship more clearly it is
necessary to perform similar works on elite sprint swim-
mers. Moreover, it would be required to consider the
impact of different muscular architecture parameters
concomitant with major factors such as anthropometrical,
physiological, and technical those affecting swimming
performance. Such studies will help elucidate the most
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important factors that are responsible for differentiation
between individuals performance.

Conclusion

Potentially, it seems that fascicle geometry developed in
faster swimmers to help them to perform higher speed
movement via higher output power; However, in present
study the relationship between sprint swimming perform-
ance and fascicle length (absolute and relative) only con-
firmed for VL and GL muscles, and unexpectedly not in
TB; therefore, to achieve more reliable data similar stud-
ies on high-class swimmers are required.
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Key points

e This study investigated the relationship between
muscle fascicle length and sprint front crawl per-
formance in young male swimmers.

e It seems that young swimmers with faster front
crawl sprint swimming performance trend to have
smaller pennation angle and greater absolute and
relative fascicle length (relative to limb length) in
their locomotor muscles.

e Potentially, fascicle geometry developed in faster
swimmers to help them to perform higher speed
movement via higher output power, however, the
adaptive response of fiber length follownig training
is not well underestood.
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