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Abstract

Purpose Although large knee extensor torque contrib-
utes to superior sprint performance, previous findings have
indicated that the quadriceps cross-sectional area (CSA), a
pivotal morphological regulator of knee extensor torque, is
not correlated with performance in sprinters. We hypoth-
esized that the knee extensor moment arm (MA), another
main morphological regulator of knee extensor torque, may
affect sprint performance. To test this hypothesis, we exam-
ined the relationship between knee extensor MA and sprint
performance.

Methods The quadriceps CSA and knee extensor MA in
32 well-trained male sprinters and 32 male non-sprinters
were measured using magnetic resonance imaging.

Results Knee extensor MA, but not quadriceps CSA,
was greater in sprinters than in non-sprinters (P=0.013).
Moreover, knee extensor MA, but not the quadriceps CSA,
was correlated with the personal best time in a 100-m race
in sprinters (r=-0.614, P<0.001). Furthermore, among
24 sprinters who participated in the 60-m sprint test, knee
extensor MA was correlated with sprinting velocities in
the acceleration (r=0.717, P<0.001) and maximum speed
(r=0.697, P<0.001) phases.

Conclusion The present study demonstrates that the knee
extensor MA is greater in sprinters than in non-sprinters,
and this morphological structure in sprinters is associ-
ated with sprint performance. Therefore, for the first time,
we provided evidence that a greater knee extensor MA in
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sprinters may be an advantageous for achieving superior
sprint performance.
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MRI  Magnetic resonance imaging
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Introduction

Successful sprint performance is achieved through the gen-
eration of large torques by muscles crossing the hip, knee
and ankle joints. Of these components, the knee exten-
sor torque contributes to swing and stance phases during
sprinting (Delecluse 1997). Moreover, previous studies
have reported that maximal isokinetic knee extensor torque
is positively correlated with sprint performance (Alexander
1989; Dowson et al. 1998). Maximal dynamic joint torque
is strongly regulated by agonist muscle size (Kanehisa et al.
1994; Schantz et al. 1983). Thus, it can be speculated that
knee extensor muscle size, as indicated by measures such
as the quadriceps cross-sectional area (CSA), may be asso-
ciated with sprint performance; however, to the best of our
knowledge, this relationship has not been demonstrated in
previous studies (Hoshikawa et al. 2006; Sugisaki et al.
2011). Based on these findings, it is proposed that mor-
phological factors related to knee extensor torque produc-
tion, other than muscle mass, may play an important role in
sprint performance.
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Generally, because joint torque is expressed as the prod-
uct of force and moment arm (MA), the magnitude of knee
extensor torque is morphologically determined by the
quadriceps size and knee extensor MA dimension. Recent
studies have determined the relationship between maxi-
mal isokinetic torque and MA (Baxter and Piazza 2014;
Blazevich et al. 2009; Sugisaki et al. 2010). Among these
studies, Blazevich and et al. (2009) reported that the knee
extensor MA was correlated (r=0.50) with maximal isoki-
netic knee extensor torque. Therefore, it has been proposed
that the relationship between maximal knee extensor torque
and sprint performance may explain why sprinters have a
greater knee extensor MA rather than a greater quadriceps
CSA. First, we hypothesized that if knee extensor MA is
an important structure in sprinters, sprinters would have
a greater knee extensor MA compared to non-sprinters.
Moreover, although previous studies have reported a rela-
tionship between MA and the agonist muscle size in non-
sprinters, the relationship between knee extensor MA and
quadriceps CSA would not exist in sprinters, because knee
extensor MA in sprinters would be independently associ-
ated with sprint performance. Second, we hypothesized
that a greater knee extensor MA in sprinters would be an
advantageous in sprinters. To test these hypotheses, we
examined the difference in knee extensor MA between
sprinters and non-sprinters. Then we examined the rela-
tionship between knee extensor MA and quadriceps CSA
in sprinters. Finally, we examined the relationship between
knee extensor MA and performance in sprinters.

Methods
Subjects

Thirty-two well-trained male sprinters (age: 21.0+2.1
years, height: 175.2+5.0 cm, body mass: 66.4+4.9 kg)

Fig. 1 Representative magnetic
resonance imaging scans used
for measuring quadriceps
cross-sectional area (CSA)

and knee extensor moment

arm (MA). Quadriceps CSA,
which included rectus femoris
(RF), vastus intermedius (VI),
vastus lateralis (VL), and vastus
medialis (VM), was calculated
at mid-thigh level. Knee exten-
sor MA was calculated as the
distance between tibio-femoral
contact point and mid-line of
the patellar tendon
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participated in this study. All participants experience in
track-and-field sprinting for at least 5 years (9.1+2.4),
and they were involved in regular sprint training at least
five times per week and competition. Their best per-
sonal time of a 100-m race ranged from 10.21 to 11.90 s
(11.10£0.44 s). All measurements for the sprinters in
the present study were obtained during off-season. In
addition, 32 non-sprinters (age: 21.6+2.2 years, height:
173.6+4.7 cm, body mass: 68.2 + 8.5 kg) whose age, body
height, and body mass were similar to those of the sprint-
ers were selected as a control group. Control subjects were
recreationally active, but were not involved in any physi-
cal training program. All subjects were instructed to avoid
strenuous physical activity in the 24 h prior to each test-
ing. The subjects were informed of the experimental pro-
cedures and provided written consent to participate in the
study. This study was approved by the Ethics Committee
of Ritsumeikan University (BKC-IRB-2011-009) and was
performed in accordance with the Declaration of Helsinki.

Magnetic resonance imaging

Representative images of quadriceps CSA and knee
extensor MA on magnetic resonance imaging (MRI) are
shown in Fig. 1. The MRI measurement was performed
using a 1.5-T magnetic resonance system (Signa HDxt;
GE Medical Systems, WI, USA). To measure quadri-
ceps CSA and knee extensor MA, we placed subjects in
a supine position on the scanner bed, with both knees
fully extended and both ankles set at the neutral posi-
tion (i.e., 0°). In a measurement of the quadriceps CSA,
axial T,_weighted MRI scans of the thigh were acquired
with a standard body coil. Axial scans were obtained in
successive slices with an inter distance of 10 mm from
the inferior aspect of the greater trochanter to the lower
edge of the femur with a repetition time of 600 ms, echo
time of 7.6 ms, field of view of 480 mm, and matrix size
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of 512x256 pixels. Quadriceps CSA was calculated at
50% of thigh length (Hoshikawa et al. 2006; Sugisaki
et al. 2011), which was defined as the distance between
the great trochanter and the lower edge of the femur. The
quadriceps CSA involved the rectus femoris, vastus inter-
medius, vastus lateralis, and vastus medialis. To exclude
the difference in body size among subjects, a relative
quadriceps CSA normalized to body weight to the two
thirds power (Sugisaki et al. 2011) was used in the anal-
ysis in addition to the absolute CSA. In a measurement
of the knee extensor MA, three-dimensional isotropic
T,-weighted MRI scans of knee joint were acquired with
an eight channels coil. Sagittal scans were obtained in
successive slices with an inter distance of 10 mm with
a repetition time of 11.3 ms, echo time of 5.1 ms, slice
thickness of 1.2 mm, field of view of 280 mm, and matrix
size of 256 x256 pixels. Knee extensor MA was calcu-
lated as the distance between the tibio-femoral contact
point and the mid-line of the patellar tendon (Blazevich
et al. 2009). To exclude the difference in body size
among subjects, a relative knee extensor MA normalized
to body weight to the one thirds powers was used in the
analysis in addition to the absolute MA. The analyses for
measuring quadriceps CSA and knee extensor MA were
conducted using image analysis software (OsiriX Ver-
sion 5.6, Switzerland). The measurements of quadriceps
CSA and knee extensor MA were performed twice, and
the mean of the two values was used. The coefficient of
variations of the two measurements in quadriceps CSA
and knee extensor MA were 0.3+0.3 and 0.4+0.2%,
respectively. The intraclass correlation coefficients (ICC)
of the two measurements ranged were 0.990 (95% CI:
0.984 to 0.994) and 0.996 (95% CI: 0.993 to 0.997),
respectively. In an additional pilot study, we measured
the quadriceps CSA and knee extensor MA on 2 separate
days in 14 healthy males (age: 22.7 + 1.0 years, height:
171. 6+3.0 cm, body mass: 65.9+7.2 kg). The ICC of

the quadriceps CSA and knee extensor MA for the 2 days
were 0.968 (95% CI: 0.903 to 0.990) and 0.997 (95% CI:
0.991 to 0.999), respectively.

60-m sprint testing

Of the sprinters included in the present study, 24 sprinters
who were able to participate in the testing days underwent
a 60-m sprint testing. The sprint test was performed using
a starting block, and it was repeated two to three times to
obtain successful sprints. The fastest trial was used to ana-
lyze the sprinting velocity. The sprinting time was recorded
using photocell (E3G-R13; Omuron Inc, Kyoto, Japan)
at 15 and 60 m. Intervals from O to 15 m and from 15 to
60 m were defined as the acceleration and maximum speed
phases, respectively (Otsuka et al. 2015), and the sprinting
velocities in each phase were calculated from distance and
time.

Statistical analysis

The data are presented as the mean+ SD. Comparisons of
groups were performed using unpaired ¢-testing. The rela-
tionship between variables was evaluated using a Pearson’s
product moment correlation. Statistical significance was
defined at P <0.05. All statistical analyses were conducted
using IBM SPSS software (version 19.0; International
Business Machines Corp, NY, USA).

Results

Mid-thigh quadriceps CSA did not differ between sprint-
ers and non-sprinters (Fig. 2). Similarly, the relative
quadriceps CSA normalized with body mass*? also did
not differ between sprinters and non-sprinters (P <0.05).
In contrast, knee extensor MA was greater in sprinters

Fig. 2 Differences in quadri-
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than in non-sprinters. Additionally, relative knee exten-  Discussion

sor MA normalized with body mass'® was also greater

in sprinters than in non-sprinters (P <0.05). Further-
more, although knee extensor MA in non-sprinters was
correlated with quadriceps CSA (r=0.496, P=0.004),
no such relationship was observed in sprinters (Fig. 3).

In sprinters, there was no relationship between quadri-
ceps CSA and personal best 100-m race time. Similarly,
no relationship was observed using the quadriceps CSA
relative to body mass*>. In contrast, knee extensor MA
was inversely correlated with the personal best 100-m
race time (Fig. 4; r=-0.614, P<0.001). Such a rela-
tionship was also observed using knee extensor MA
relative to body mass'? (r=-0.371, P=0.036). Further-
more, knee extensor MA, but not quadriceps CSA, was
correlated with the sprinting velocities recorded during
the acceleration (r=-0.717, P<0.001) and maximum
speed (r=-0.697, P<0.001) phases in the 60-m sprint
testing (Fig. 5). Additionally, after normalized with body
mass, knee extensor MA, not the quadriceps CSA, was
also correlated with sprinting velocities recorded dur-
ing acceleration (r=0.512, P=0.010) and the maximum
speed (r=0.562, P=0.004) in this testing.

In the present study, we found that knee extensor MA
was greater in sprinters than in non-sprinters. Moreover,
a greater knee extensor MA in sprinters was significantly
correlated with a higher sprint performance. These find-
ings were also maintained when knee extensor MA and the
quadriceps CSA was normalized by body size. Therefore,
the present findings demonstrated that knee extensor MA
may be associated with performance in sprinters.

Recent studies have demonstrated that MA in several
joints is correlated with muscle size, including anatomi-
cal CSA (Baxter et al. 2012; Blazevich et al. 2009; Sugi-
saki et al. 2010), suggesting that the magnitude of MA
is mediated by muscle size. In the present study, we also
observed a positive correlation between knee extensor
MA and quadriceps CSA in non-sprinters. In contrast,
no such correlation was observed in sprinters, indicating
that knee extensor MA in sprinters is unaffected by mus-
cle mass. Interestingly, when matching the physical char-
acteristics, quadriceps CSA was similar between sprinters
and non-sprinters, although the knee extensor MA was
greater in sprinters than in non-sprinters. To the best of our
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knowledge, this is the first study to provide evidence that
sprinters’ knee joint is characterized by a greater extensor
MA independent of muscle size.

The present study showed that knee extensor MA is
greater in sprinters than in non-sprinters; however, this dif-
ference was minimal (3.0%). Nevertheless, because joint
torque is related to muscle size and MA dimension, we pro-
pose that a greater MA may be able to enhance the intrinsic
torque-producing capacity, despite an equal muscle size. In
fact, although this capacity is often associated with physi-
ological and neurological factors (Klein et al. 2001; Morse
et al. 2004), a greater knee extensor MA may contribute to
generating a higher knee extensor torque per muscle size
in sprinters than in non-sprinters (Héikkinen and Keskinen
1989; Maughan et al. 1983). Taken together, although knee
extensor MA was slightly different between sprinters and
non-sprinters, a knee joint with a greater MA may be useful
for generating higher knee extensor torque.

In the present study, no correlation was observed
between quadriceps CSA and personal best time in a 100-m
race in sprinters, consistent with the results of previous
studies (Hoshikawa et al. 2006; Sugisaki et al. 2011). In
contrast, the present study found that the knee extensor MA
was correlated (r=—0.614) with the personal best time in

Knee extensor MA (cm)

a 100-m race in sprinters. Previous studies have indicated
that maximal isokinetic knee extensor torque was corre-
lated (r=-0.58 to —0.71) with 100-m sprint time (Alex-
ander 1989; Dowson et al. 1998), suggesting that knee
extensor torque plays an important role in achieving a suc-
cessful sprint performance. In a recent study, Blazevich
et al. (2009) reported that knee extensor MA was positively
correlated (r=0.50) with maximal isokinetic knee exten-
sor torque. Thus, the present findings suggest that elite
sprint performance may be associated with the production
of large knee extensor torque as a result of a greater knee
extensor MA.

Previous studies have reported that a larger vertical
ground reaction force (VGRF) during stance phase is cor-
related with higher sprint velocity in sprinters (Morin et al.
2012; Weyand et al. 2000). Knee extensor torque contrib-
utes to enhancing the VGRF during stance phase (Dorn
et al. 2012), indicating that a greater knee extensor MA
may be useful for producing a large VGRF. In the present
study, we identified that a correlation between a greater
knee extensor MA and the velocities of the acceleration
and maximum speed phases. In sprinting, the knee extensor
torque contributes in accelerating the body center of mass,
and subsequently, maintains a quasi-uniform height of the
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body center of mass over the maximum speed phase (Dele-
cluse 1997). According to the roles of knee extensor torque
in sprinting, the VGRF contributes to accelerating the body
center of mass and maintaining height of the body center of
mass (Hunter et al. 2005; Morin et al. 2012; Weyand et al.
2000). Thus, we propose that a greater knee extensor MA
in sprinters may cause the development of large VGRF dur-
ing the stance phase by potentially contributing to a higher
rate of acceleration and maximum attained speed. In addi-
tion, a greater knee extensor MA may enable sprinters to
achieve higher knee extensor torque for a given level of
quadriceps muscle mass. In sprinting, having a smaller
quadriceps may be beneficial, because this will make the
leg moment of inertia smaller, which results in quicker hip
flexion motions. Thus, in addition to providing a mechani-
cal advantage over the stance phase, a greater knee exten-
sor MA may further facilitate rapid hip flexion during the
swing phase because it enables a reduced quadriceps mass
for a given magnitude of knee extensor torque produced.

The present study has a couple of limitations. Although
we measured the anatomical quadriceps CSA in the mid-
thigh level and found that it was similar in size between
sprinters and body size-matched non-sprinters, Abe et al.
(2000) reported that muscle fascicles in the vastus lateralis
were longer in sprinters than in non-sprinters. Hence, it is
suggested that even the anatomical CSA is similar between
the two groups, whereas the physiological CSA is greater
in sprinters than in non-sprinters. Moreover, we showed
that the anatomical quadriceps CSA was not correlated
with performance in sprinters, which is in accordance with
previous findings (Hoshikawa et al. 2006; Sugisaki et al.
2011). However, Kumagai et al. (2000) reported that vastus
lateralis muscle fascicles were longer in faster groups with
a personal best 100-m race time of less than 11 s than in the
slower group with a personal best 100-m race time of less
than 12 s in sprinters. Hence, faster sprinters in the present
study may have a greater physiological CSA compared to
slower sprinters. Thus, further studies are needed to exam-
ine the relationship between physiological knee extensor
CSA and performance in sprinters.

Another limitation of our study was that although we
measured knee extensor MA with both knees fully extended
and we showed the relationship between knee extensor MA
and performance in sprinters, the joint angle (i.e., 180°)
measured in the present study was not reached during
sprinting (Kuitunen et al. 2002). Hence, knee extensor MA
at full knee extension measured in the present study may
not reflect knee extensor MA during sprinting. Neverthe-
less, we considered that the difference in knee extensor MA
at full knee extension among sprinters may remain in joint
angles from knee extension to flexion (Tsaopoulos et al.
2006), and if so, it may contribute in achieving superior
sprint performance by potentially increasing the superiority
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of knee extensor torque production during sprinting. Fur-
ther studies are needed to measure knee extensor MA at
several joint angles in sprinters. Additionally, because the
present study did not perform a detailed analysis of kin-
ematic and kinetic data during sprinting, further studies
are also needed to examine the relationships between knee
extensor MA and various sprint variables.

In conclusion, present study showed that the knee exten-
sor MA was greater in sprinters than in non-sprinters, inde-
pendent of the quadriceps CSA. Furthermore, the knee
extensor MA in sprinters was correlated with sprint perfor-
mance, potentially because it enhances the velocities of the
acceleration and maximum speed phases. Therefore, for the
first time, we provided evidence that a greater knee exten-
sor MA in sprinters may be an advantage for achieving
superior sprint performance.
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