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Sprint runners achieve much higher gait velocities and
accelerations than average humans, due in part to large
forces generated by their lower limb muscles. Various
factors have been explored in the past to understand sprint
biomechanics, but the distribution of muscle volumes in the
lower limb has not been investigated in elite sprinters. In
this study, we used non-Cartesian MRI to determine
muscle sizes in vivo in a group of 15 NCAA Division I
sprinters. Normalizing muscle sizes by body size, we
compared sprinter muscles to non-sprinter muscles,
calculated Z-scores to determine non-uniformly large
muscles in sprinters, assessed bilateral symmetry, and
assessed gender differences in sprinters’ muscles. While

limb musculature per height-mass was 22% greater in
sprinters than in non-sprinters, individual muscles were not
all uniformly larger. Hip- and knee-crossing muscles were
significantly larger among sprinters (mean difference:
30%, range: 19–54%) but only one ankle-crossing muscle
was significantly larger (tibialis posterior, 28%).
Population-wide asymmetry was not significant in the
sprint population but individual muscle asymmetries
exceeded 15%. Gender differences in normalized muscle
sizes were not significant. The results of this study suggest
that non-uniform hypertrophy patterns, particularly large
hip and knee flexors and extensors, are advantageous for
fast sprinting.

Elite human sprinters are capable of impressive
biomechanical feats, with competitive athletes able
to generate gait speeds of over 10 m/s (Bezodis et al.,
2008) and accelerations over 10 m/s2 (Harland &
Steele, 1997). What is it that allows sprinters to generate these high velocities and accelerations? Previous research into this question has investigated
musculo skeletal geometry (Abe et al., 2000; Kumagai et al., 2000; Lee & Piazza, 2009), sub-cellular
aspects of muscle (Costill et al., 1976; Gregor et al.,
1979; Trappe et al., 2015), and oxidative (Costill
et al., 1976; Hirakoba & Yunoki, 2002) and neuromuscular factors (Ross et al., 2001). These studies
have identified specific unique neuromuscular and
skeletal features in sprinters; however, to date the
muscle size distributions in sprinters’ lower limbs
have not been directly investigated.
Muscle volume distributions in the lower limb
may be obtained with medical imaging (Tate et al.,
2006; Handsfield et al., 2014) and offer indirect estimates of muscle strength (Holzbaur et al., 2007a;
Akagi et al., 2009). It might be expected that extremely large muscles are advantageous for sprinters

since sprint performance requires the generation of
large forces. Indeed, Chelly and Denis (2001) showed
a significant positive correlation between muscle volume and maximal running velocity in athletes, and
McBride et al. (2009) showed significant relationships between lower limb strength and sprinting
speed. However, while the addition of muscle volume
increases the strength capacity of the limb, it also
increases the mass of the limb, thus introducing a
tradeoff in terms of optimizing for speed. Uniform
hypertrophy of all lower limb muscles thus may not
lead to maximal sprinting speed because the enlargement of marginally advantageous muscles could
impair, rather than enhance, sprinting speed. This
poses the question: are hypertrophy patterns uniform
in sprinters? It may be that strength gains in some
muscles contribute disproportionately to increases in
sprinting speed compared to strength gains in other
muscles. Quantification of lower limb muscle sizes in
elite sprinters’ limbs through in vivo imaging would
provide a novel empirical approach to answering this
question, offering a unique perspective into the
potential muscular strategy utilized by sprinters.
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Previous biomechanical studies have provided
insight that can inform hypotheses about which
muscles are required for high-speed running. A musculo-skeletal simulation of running by Dorn et al.
(2012) predicted that increases in gait speed above
seven m/s require non-uniform increases in muscle
forces. In that study, it was found that hip muscles
were required disproportionately during sprinting
above seven m/s, while running below seven m/s
relied more on ankle plantarflexors. Based on this
information, it would be reasonable to hypothesize
that hip extensors and flexors are disproportionately
large in elite sprinters’ lower limbs compared to the
lower limbs of healthy non-sprinters. Previous
research has undertaken comprehensive imaging
assessments of upper (Holzbaur et al., 2007b) and
lower limb muscles (Handsfield et al., 2014) in
healthy subjects and recreational athletes of various
sports (Tate et al., 2006). To our knowledge there
has not yet been an in vivo imaging assessment of
lower limb muscles in elite competitive sprinters.
These measurements would enable the exploration of
whether lower limb muscle sizes are consistent with
our understanding of the biomechanical demands of
sprinting. In addition, a comprehensive assessment
of lower limb volumes in sprinters would allow for
investigations into other important features of
sprinters’ limb musculature including right–left
asymmetry and gender differences in muscle sizes.
The goal of this work was to conduct an in vivo
imaging analysis of 35 lower limb muscles in 15
NCAA sprinters and compare muscle volumes to
previously published data from 24 healthy nonsprinters. We hypothesized that (a) lower limb muscle volume per unit body size is greater for sprinters
than for non-sprinters; (b) some lower limb muscles
in sprinters are disproportionately greater in size
compared to others; (c) hip- and knee-crossing muscles are among the disproportionately large muscles
in sprinters; (d) sprinters’ lower limb muscle volumes
are bilaterally symmetric; and (e) there are not gender differences in muscle size per unit body size
among sprinters.
Materials and methods
Subject characteristics
We recruited 15 (eight female, seven male) NCAA Division I
sprinters with the following subject characteristics
(mean  SD [range]): age: 18  0.6 [18–20] years, height:
176.8  8.1 [162.6–193.0] cm, body mass: 68.9  8.5 [54.4–
82.5] kg, body mass index: 22.0  1.7 [19.4–24.7] kg/m2. All
subjects engaged in high-speed, short distance events. Four
subjects competed exclusively in sprinting events of 60, 100,
200, and 400 m; three competed in sprints and hurdle events;
five competed in sprints and jump events (long jump and triple
jump); and three competed in sprints, hurdles, and jump
events. Seven subjects reported prior hamstrings injury (one
bilateral), but all subjects were healthy and competing at time

2

of study and had been injury-free for 12 months. Subjects
provided informed consent approved by our university’s Institutional Review Board. For a non-sprinter control database,
we used means and standard deviations from a previously
published work on in vivo muscle volumes and lengths from
24 (8 female, 16 male) healthy, recreationally active individuals (Handsfield et al., 2014). In that study, Handsfield et al.
found consistent scaling between muscle volume and the product of body mass and height across healthy, active subjects
ranging in age, size, and stature. Subject parameters for this
non-sprinter dataset were: age: 25.5  11.1 [12–51], height:
171  10 [145–188] cm, body mass: 71.8  14.6 [47.5–107.0]
kg, body mass index: 24.3  4.0 [18.9–35.1] kg/m2.

Imaging and segmentation
Subjects were scanned on a 3T Siemens (Munich, Germany)
Trio MRI Scanner using a 2D multi-slice gradient-echo pulse
sequence with an interleaved spiral k-space trajectory (Meyer
et al., 1992). Scanning parameters used were: TE/TR/a:
3.8 ms/800 ms/90°; FOV: 400 mm 9 400 mm; slice thickness:
5 mm; in plane spatial resolution: 1.1 mm 9 1.1 mm; body
receiver coil; and 4 signal averages. Spectral-spatial excitation
pulses were used for fat suppression (Meyer et al., 1990). A
Chebyshev approximation was applied for semi-automatic
off-resonance correction to compensate for spatial variations
of the magnetic field (Chen & Meyer, 2008). Contiguous axial
images were obtained from the twelfth thoracic vertebra to
ankle joint. Scan time varied with subject height and was
approximately 30 min per subject.
Thirty-five muscles in both limbs were segmented using inhouse software written in Matlab (The Mathworks Inc., Natick, Massachusetts, USA). Segmentation was performed by a
team of seven trained individuals. A single researcher evaluated and refined all segmentations before further analysis to
ensure consistency across segmenters. Muscle volumes were
calculated by summing voxel volumes from segmented images.
Total muscle volume was defined as the sum of all of the 35
muscle volumes in one limb; for the sprinters, total volume
was the average of two limbs.

Data analysis
To reduce effects of body size on muscle size differences, we
normalized muscle volume by metrics of body size. Lower
limb muscle volumes have been shown to vary with the product of height and body mass in healthy, active subjects
(Handsfield et al., 2014). We normalized muscle volumes by
height-mass.
Muscle volume Z-scores were computed for each muscle in
sprinters. A Z-score is the number of standard deviations that
a measurement differs from the mean of a reference population. Z-scores have been used in the past to compare individual muscle volumes between different populations (Handsfield
et al., 2016). For muscle volumes, Z-scores are given by:
Zvolume
normalized volumesprint  lðnormalized volumenonsprint Þ
¼
rðnormalized volumenonsprint Þ
(1)
where normalized volumesprint is the volume per height-mass
of a sprinter’s muscle, l(normalized volumenon-sprint) is the
mean of volume per height-mass in the non-sprinter
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population, and r(normalized volumenon-sprint) is the
non-sprinter standard deviation of volume per height-mass.
We used the Mann–Whitney U test, a non-parametric
test, for comparing normalized measurements. For tests that
were repeated over 35 muscles, we used the Holm–Bonferroni method for family-wise error rate correction (see
Table 1 for list of muscles assessed). We defined knee muscles as the quadriceps and hamstrings muscles. Of the
remaining muscles, those crossing the hip were defined as
hip muscles and those crossing the ankle were defined as
ankle muscles.
To assess symmetry of limb muscles, we defined the “dominant limb” in each sprinter as the limb with the greatest total
muscle volume. For each muscle, we computed asymmetry as
the percent difference in muscle volume between the dominant and non-dominant side. For the population of sprinters,
we computed the 90% confidence interval of asymmetry for
each muscle. Significant asymmetry was defined as a 90%
confidence interval that did not cross zero. For individual
sprinters, significant asymmetry was defined as an absolute
asymmetry greater than 15%, a threshold previously linked
to incidence of injury (Knapik et al., 1991; Croisier et al.,
2008).

Results
Sprinter–non-sprinter muscle size differences
Total lower limb muscle volume was linearly and significantly correlated with the height-mass product in
both non-sprinter and sprinter populations (Fig. 1A)
but total muscle volume per height-mass was 22%
greater for sprinters than for non-sprinters (Fig. 1B,
P < 0.00001, 71.0  6.4 cm3/kg-m sprinters vs
58.0  4.4 cm3/kg-m non-sprinters). Individual
muscle volumes correlated significantly with the
height-mass product in the sprinter population, similar to the non-sprinter population. Volume Z-scores
of sprinters’ muscles revealed non-uniform differences of sprinters’ muscles compared to those of
non-sprinters (Fig. 2). Across sprinters, Z-scores
were larger in the knee muscles than in the hip muscles (P < 0.00001, average Z = 1.9 for knee muscles
and 1.2 for hip muscles) and were larger in both the
hip and knee muscles compared to the ankle muscles

Table 1. Volume comparisons of 35 sprinter and non-sprinter muscles, ranked by percent difference in normalized muscle volume. Non-sprinter
muscle volumes were obtained from Handsfield et al. (2014). All values are given as mean  SD [95% CI]. Normalized volumes are muscle
volumes divided by the product of height and mass. Cohen’s D Effect Sizes are provided. Percent differences with an associated D value greater
than 0.8 have been emboldened.

Semitend.
Gracilis
Tens.fasc. Latae
Rectus femoris
Sartorius
Obturator externus
Gluteus maximus
Vastus medialis
Vastus intermed.
Piriformis
Tibialis posterior
Adductor magnus
Vastus lateralis
Biceps femoris:lh.
Biceps femoris:sh
Adductor longus
Pectineus
Quadratus femoris
Adductor brevis
Semimem
Psoas
Gemelli
Peroneals
Gluteus medius
Lateral gastroc.
Obturator internus
Soleus
Iliacus
Medial gastroc.
Popliteus
Tibialis anterior
Flex. halluc. longus
Digital ext (EDL&EHL)
Gluteus minimus
Flex digit longus

Sprinter muscle
volume (cm3)

Sprinter normalized
volume (cm3/kg-m)

289  72 [195–418]
149  30 [96–205]
91  24 [43–127]
375  61 [277–494]
224  66 [122–363]
73  16 [47–107]
1114  204 [859–1522]
562  109 [416–800]
348  101 [197–519]
56  13 [32–79]
135  25 [83–186]
707  124 [490–917]
1049  181 [747–1400]
262  43 [177–339]
127  32 [80–193]
202  42 [152–325]
83  21 [57–137]
40  10 [24–60]
127  25 [80–173]
297  61 [199–420]
325  77 [217–496]
20  5 [11–29]
144  33 [89–227]
353  58 [258–450]
161  31 [92–218]
30  6 [16–40]
466  76 [316–593]
190  43 [142–272]
273  50 [180–348]
24  6 [14–38]
139  33 [73–208]
80  23 [46–124]
102  19 [65–137]
103  22 [66–153]
28  6 [17–45]

2.3
1.2
0.7
3.0
1.8
0.6
9.0
4.6
2.8
0.5
1.1
5.8
8.5
2.1
1.0
1.6
0.7
0.3
1.0
2.4
2.6
0.2
1.2
2.9
1.3
0.2
3.8
1.5
2.2
0.2
1.1
0.6
0.8
0.8
0.2





































0.5
0.3
0.2
0.3
0.5
0.1
1.0
0.6
0.6
0.1
0.2
0.9
1.1
0.3
0.2
0.2
0.1
0.1
0.1
0.4
0.4
0.0
0.2
0.3
0.2
0.0
0.6
0.2
0.3
0.0
0.2
0.1
0.1
0.1
0.0

[1.5–3.3]
[0.8–2.1]
[0.4–1.3]
[2.5–3.7]
[1.1–2.7]
[0.4–0.8]
[7.3–10.5]
[3.7–5.6]
[1.6–3.5]
[0.3–0.7]
[0.8–1.6]
[4.1–7.6]
[6.2–10.4]
[1.6–2.9]
[0.7–1.4]
[1.4–2.3]
[0.5–1.0]
[0.2–0.5]
[0.7–1.4]
[1.8–3.3]
[2.0–3.5]
[0.1–0.2]
[0.9–1.6]
[2.5–3.5]
[0.9–1.6]
[0.2–0.3]
[3.0–4.8]
[1.2–2.0]
[1.7–2.9]
[0.1–0.3]
[0.7–1.5]
[0.4–1.0]
[0.6–1.1]
[0.6–1.0]
[0.2–0.3]

Non-sprint normalized
volume (cm3/kg-m)
1.5
0.9
0.5
2.2
1.3
0.4
6.9
3.5
2.2
0.4
0.9
4.6
6.8
1.7
0.8
1.3
0.5
0.3
0.8
2.0
2.2
0.1
1.1
2.6
1.2
0.2
3.6
1.4
2.1
0.2
1.1
0.6
0.8
0.9
0.2





































0.3
0.2
0.2
0.3
0.2
0.1
0.7
0.4
0.3
0.1
0.2
0.6
0.8
0.3
0.2
0.2
0.1
0.1
0.1
0.3
0.4
0.0
0.2
0.4
0.2
0.1
0.5
0.2
0.3
0.0
0.1
0.1
0.1
0.1
0.1

[1.0–2.1]
[0.6–1.3]
[0.3–0.9]
[1.5–2.8]
[1.0–1.8]
[0.3–0.6]
[5.8–8.6]
[2.7–4.3]
[1.7–2.8]
[0.2–0.6]
[0.5–1.2]
[3.5–5.7]
[5.3–8.2]
[1.3–2.2]
[0.5–1.2]
[0.9–1.8]
[0.3–0.8]
[0.2–0.4]
[0.6–1.2]
[1.7–2.8]
[1.6–3.2]
[0.1–0.2]
[0.8–1.4]
[1.8–3.6]
[0.9–1.8]
[0.1–0.4]
[2.8–5.1]
[1.1–1.9]
[1.5–2.7]
[0.1–0.3]
[0.8–1.4]
[0.4–0.8]
[0.7–1.0]
[0.6–1.1]
[0.1–0.3]

% difference in
normalized volume
54
42
41
40
37
32
31
30
29
28
28
26
26
26
26
25
24
22
21
20
19
18
11
8
7
7
6
6
4
4
2
1
1
3
8

Cohen’s D
2.1
1.5
1.1
2.6
1.3
1.5
2.3
2.1
1.3
1.0
1.2
1.5
1.8
1.5
1.1
1.4
1.2
0.8
1.2
1.2
1.1
0.6
0.7
0.6
0.5
0.3
0.4
0.4
0.3
0.2
0.1
0.0
0.1
0.3
0.4
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Sprinter male
Sprinter female
Non-sprint male
Non-sprint female

9000

(b)

R2 = 0.70
R2 = 0.88

6000

3000

0
0

50

100

Height mass (m-kg)

150

200

Lower limb muscle volume per
height-mass (cm3/m-kg)

Total limb muscle volume (cm3)

(a) 12 000

90

22% difference
(P < 0.00001)
60

30

0

Non-sprinters Sprinters

Fig. 1. (a) Muscle volume was significantly correlated with the product of height and body mass for both recreationally
active non-sprinters (from Handsfield et al., 2014) and for elite sprinters. (b) Total lower limb muscle volume per heightmass was significantly greater for sprinters than for non-sprinters (P < 0.00001). For sprinters, data represent the average of
two limbs; for non-sprinters, data represent the right limb. Error bar displays standard deviation; individual data points are
overlaid.

Anterior

(a) Sprinters 1–7
Significantly
larger than
non-sprinters

5
4

Posterior

Spr-1: SJ
Spr-2: SJ
Spr-3: SHJ
Spr-4: SHJ
Spr-5: SHJ
Spr-6: S
Spr-7: SJ
18 y.o. female 18 y.o. male 18 y.o. female 19 y.o. female 19 y.o. male 19 y.o. male 18 y.o. female

Z-score (SD)

2.5
1

–1
–2.5
–4
–5

Significantly
smaller than
non-sprinters

Anterior

(b) Sprinters 8–15

Posterior

Spr-8: SJ
Spr-9: SH
Spr-10: S
Spr-11: S
Spr-12: S
Spr-13: SH Spr-14: SJ
Spr-15: SH
19 y.o. female 19 y.o. female 18 y.o. male 18 y.o. female 18 y.o. male 20 y.o. male 18 y.o. male 18 y.o. female

Fig. 2. Muscle volume Z-scores of sprinters reveal disproportionately larger muscles among the sprinter group. (a) Sprinters
1–7; (b) Sprinters 8–15. For each sprinter, age, gender, and competitive events are given (S-sprints, H-hurdles, J-jumps). Zscores indicate the number of standard deviations a muscle is from the non-sprinter mean. To reduce the effects of differences
in body size, all muscles were normalized by the height-mass product before computation of Z-score. Sprinters were numbered
in order of increasing Z-scores assessed over the entire lower limb.
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(P < 0.00001, average Z = 0.3 for ankle muscles).
We found a strong positive and significant correlation between muscle volume Z-scores and percent
difference in normalized muscle volumes (Fig. 3).
Nineteen hip and knee muscles were significantly
larger in normalized volume among sprinters than
non-sprinters (Fig. 4). Out of all eight ankle muscles
analyzed, only the tibialis posterior was significantly
larger in sprinters (Fig. 4, Table 1). The largest volume differences between groups were in the semitendinosus, gracilis, tensor fasciae latae, rectus
femoris, and sartorius muscles (Table 1).

the hamstrings group as a whole was thus smaller
on the non-dominant side.
Gender differences of muscle sizes
Normalized volumes were not significantly different
between genders for any muscles (Fig. 6). Total muscle volume per height-mass did not differ between
genders (P = 0.37, 70.4  7.1 cm3/kg-m female vs
71.7  6.0 cm3/kg-m male). Normalizing muscle
volume by mass rather than by height-mass resulted
in a significant difference in normalized total muscle
volume
between
genders
(P = 0.0017,
120.2  8.6 cm3/kg female vs 131.4  8.1 cm3/kg
male) and in normalized muscle volume for five muscles: flexor hallucis longus, iliacus, pectineus, psoas,
and vastus intermedius.

Sprinter muscle symmetry
Across the sprinter population, no muscles were
significantly asymmetric between sprinters’ limbs
(Fig. 5A). However, 12 of the 15 individual sprinters displayed volume asymmetries greater than
15% for at least one muscle. Asymmetry profiles
for individual sprinters are given for each subject
(Fig. 5B–D). Of the three sprinters presenting no
large asymmetries, one was an exclusive sprinter
and two competed in sprinting and jumping. Subjects with large asymmetries in individual muscles
in one limb did not necessarily present similar
asymmetries in agonist muscles from the other
limb. For example, Sprinter three displayed more
than 15% larger gracilis, biceps femoris long head,
biceps femoris short head, and semimembranosus
on the dominant side; however, the semitendinosus
was in fact smaller on the non-dominant side and

Average percent difference in
normalized muscle volume

60

Discussion
In this study, we utilized a fast non-Cartesian MRI
sequence to determine in vivo volumes of 35 lower
limb muscles in a population of NCAA Division I
sprinters. We evaluated muscle volume Z-scores
using a previously published database of muscle sizes
and made additional statistical comparisons between
groups. We found that sprinters’ muscles were significantly larger than non-sprinters’ muscles but that
not all muscles were uniformly large: knee and hip
muscles were disproportionately larger than ankle
muscles in sprinters. We also found no significant
group-wise asymmetry of muscle sizes and no

Hip muscles
Knee muscles
Ankle muscles

semitend

R2 = 0.81

46

gracilis

tfl

RF
sartorius

obturator ext

32
piriformis

BFsh

tp

vast int
BFlh

ad mag

glut max

vast med

vast lat

ad long
quadratus femoris pect ad brev
ext. rotators

18

4

–10
–0.5

psoas

semimemb

peroneals
lat gas glut med
obturator int
soleus
iliacus
popliteus
ta med gas
fhl
edl&ehl
glut min
fdl

0.5

1.5

2.5

3.5

Average Z-score for sprinters
Fig. 3. A significant positive correlation exists between muscle volume Z-score and percent difference in normalized muscle
volume. Z-scores and percent differences shown are averages across 15 sprinters for all 35 muscles analyzed (R2 = 0.81).
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Sprinter muscle size
per height-mass (cm3/m·kg)

10

8

Significant
Not significant
Hip muscles
Knee muscles
Ankle muscles

glut max

vast lat

ad mag

6
vast med

sartorius
ad long
gracilis
iliacus
tp
lat gastroc
BFsh
peroneals
tfl
ta
ad brev
pect
edl&ehl
fhl
fdl
piriformis

soleus

4

2

inset

2

RF
vast int
glut med
psoas
semitend
semimemb
BFlh
med gastroc

1

0
0

2

4

6

1

8

2

10

Non-sprinter muscle size
per height-mass (cm3/m·kg)

Fig. 4. Nineteen muscles acting about the knee (green) and hip (orange) are statistically significantly larger for sprinters than nonsprinters. Of muscles crossing the ankle (blue), only one is significantly larger for the athlete group. Error bars indicate standard
deviation. Significance was determined using the Mann–Whitney U test. The Holm–Bonferroni method was used for family-wise
error rate correction. Threshold for significance was set to a value of 0.05. For muscle name abbreviations, see Supplementary.

significant differences in normalized muscle volume
between male and female sprinters.
Sprinter–non-sprinter muscle size differences
It was found that collegiate sprinters have muscles
up to five standard deviations larger than healthy
non-sprinters, as evidenced by muscle volume Zscores and confirmed by percent differences in normalized volume. Knee muscles and most hip muscles
were disproportionately and significantly larger in
sprinters, while only one ankle muscle was significantly larger in sprinters. Z-scores in sprinters may
indicate muscular hypertrophy, presumably a result
of intensive sport-specific training. The biomechanics
of high velocity sprinting involves minimizing
ground contact time while maximizing ground reaction force, stride length, and stride frequency
(Weyand et al., 2000; Hunter et al., 2004; Schache
et al., 2014). Using computational modeling of muscles, Dorn et al. (2012) implicated the gluteus maximus, rectus femoris, hamstrings muscles, iliopsoas,
and tibialis anterior as disproportionately important
during fast sprinting. Similarly, we found no significant differences in volume of the gastrocnemius,
soleus, or gluteus medius, all of which were predicted
by Dorn et al. to not contribute additional muscle
force to sprinting above seven m/s. We observed
significantly increased size in several muscles that
were not reported in the Dorn et al. study, including
the gracilis, sartorius, and adductor muscles. These
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muscles may have a significant role in high-speed
running and warrant attention in future studies.
In contrast to the predictions in Dorn et al.
(2012), we found no significant differences in heightmass normalized volume of the tibialis anterior
between sprinters and non-sprinters. Furthermore,
while Dorn et al. predicted large forces in the rectus
femoris muscle, they did not predict large forces in
the vasti muscles, whereas we found the rectus
femoris and all three vasti muscles to be significantly
larger in sprinters. These discrepancies lead to several interesting questions regarding the relationship
between in vivo muscle volume profiles and simulated
muscle forces for a particular task. First: since the
study by Dorn et al. analyzed speeds lower than the
maximum speeds of elite sprinters, a natural question
is whether simulated muscle forces may be different
at these higher speeds. Second: would adaptation of
sprinters’ muscles closely reflect the demands of fast
sprinting? The subjects in this study engage in a wide
range of daily activities including walking, low-speed
running, sprinting, and weight lifting. Activities like
weight lifting may promote hypertrophy of the vasti
that does not perfectly reflect the force demands of
sprinting. This phenomenon would not be apparent
from simulations of sprinting exclusively. Third: do
peak force demands of movements correlate absolutely with muscle size? This is not necessarily the
case (Sale et al., 1992); muscles remodel in response
to mechanical loads modulated by molecular signaling pathways (Wisdom et al., 2015). Signaling
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Fig. 5. Muscle volume asymmetry is not significant for any muscle in the sprinter group as a whole, but asymmetry varies
across sprinters and across muscles. (a) Sprinter population medians (open circle with black dot) and 90% confidence intervals
of percent volume differences between limbs are shown. “Dominant limb” is defined here as the larger of the two limbs in total
muscle volume. (b) Sprinters 1–5. (c) Sprinters 6–10. (d) Sprinters 11–15. 15% difference are shown for reference (gray area)
as this threshold has been previously associated with injury in various athletes (Croisier et al., 2008; Knapik et al., 1991).

pathways that regulate muscle size may be complex
and cooperative; for example, increased force
demands on one muscle may promote hypertrophy
of neighboring muscles, even in the absence of explicit increased force demands on the neighboring muscles. Agent-based modeling approaches such as those
by Martin et al. (2015) may be used in the future to
more deeply understand the physiology of muscle

hypertrophy in athletes. Normalization of muscle
volumes by other metrics – for instance, normalizing
individual muscle volumes to the total limb muscle
or to other functionally related muscles – may be relevant to answer specific research questions. For this
work, height-mass normalization allowed us to
investigate differences in overall muscle size per unit
body size (in which we found that sprinters were
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Fig. 6. No muscles were significantly different between male and female sprinters when normalized by the product of height
and mass. The Holm–Bonferroni method was used for family-wise error rate correction. Threshold for significance was set to
a value of 0.05. For muscle name abbreviations, see supplementary file.

22% larger) and proportions of muscle (in which we
found that hip and knee muscles were disproportionately larger in sprinters than ankle muscles). For
populations with hypertrophy or atrophy of overall
muscle volumes, normalizing muscle volumes by
total limb muscle volume will not capture these differences and may be misleading. However, relative
volumes between specific muscles may be obtained
from the measurements reported in this work.
Sprinter muscle symmetry
We examined bilateral asymmetry of muscle volumes between the larger and smaller limb of sprinters. For the sprinter population as a whole, no
significant differences were found between sides for
any muscle. For individual sprinters, however, significant bilateral size imbalances beyond 15% were
present. Thus, individual sprinters present muscle
size asymmetries in the lower limb, but these asymmetries are subject-specific and not reflective of the
sprinter population as a whole. Previous research
has found strength asymmetries up to and exceeding
10% to be common among athletes (Grace et al.,
1984; Rahnama et al., 2005). Other studies have
found significant bilateral asymmetries in the lower
limbs of soccer players (Rahnama et al., 2005; Croisier et al., 2008) and other athletes (Nadler et al.,
2001; Tate et al., 2006) and have linked large asymmetries to injury in athletes (Knapik et al., 1991;
Croisier et al., 2008). Our finding no common
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asymmetries may be due to the bilateral nature of
sprinting; however, it should be noted that the
sprint start is a high-power, asymmetric movement.
It is not clear whether large subject-specific muscle
size asymmetries reflect performance such as the
sprint start or other factors such as injury. One previous study suggested that muscle asymmetries may
be related to compensation from previous injury
(Silder et al., 2008); since the present study was
cross-sectional in design, we could not associate
asymmetries with injury.
Some of the present population engaged in hurdle
and jumping events that may promote bilaterally
asymmetric muscle sizes. Other subjects engaged in
running events longer than 100 m that involved lefthand turns on the track. Due to the small population
of this study, it was impractical to subdivide the population by secondary events in order to examine significance of asymmetry as it relates to specific events.
However, it is interesting that of the three minimally
asymmetric subjects, none were hurdlers. Among
athletes that competed in hurdles, the lateral gastrocnemius and flexor hallucis longus were frequently
asymmetric. We did not have a subset of exclusive
hurdlers, but it may be the case that hurdling promotes more asymmetry than other events, due to the
different functions of the leading and trailing legs.
We caution not to over-interpret these trends in our
small population. Future studies are needed to elucidate whether specific events are associated with
specific asymmetries in muscle sizes. Furthermore, in

Non-uniform hypertrophy pattern in sprinters
this work we did not test for limb dominance, but
defined it as the larger of the two limbs in terms of
total muscle volume. This definition is quantitatively
objective and avoids ambiguities associated with
dominance tests and self-reporting. However, future
work is needed to relate our definition of dominance
to self-reported or tested dominance and to relate
muscle volumes and asymmetries to the leading and
trailing legs in hurdles or in the sprint start.
Gender differences of muscle sizes
Normalization of muscle volumes is important for
comparing subjects that differ in body size. In the
present study, we normalized muscle volumes by
the height-mass product (Handsfield et al., 2014).
We found no significant gender differences in normalized volumes. This suggests that although
female sprinters were smaller and shorter than their
male counterparts, muscle volumes were proportional to body mass and height. In a study on exercise performance and muscle mass, Perez-Gomez
et al. (2008) found that peak power was similar
across genders when normalized by lean body
mass. Similarly, Weber et al. (2006) found no gender differences in lower limb power per lean mass.
Interestingly, if muscle volumes in the present
study were normalized by mass alone, there was a
significant gender difference in normalized total
limb muscle volume and in the normalized volumes
of five muscles. Thus, it seems that some gender
differences in lower limb muscle volume can be
removed by accounting for differences in height. It
should be noted that overall sprint performance is
greater for male than for female sprinters (Cheuvront et al., 2005). These differences are thought to
be due to gender differences in sub-cellular aspects
of muscle, such as glycolytic capacity (Perez-Gomez
et al., 2008), not differences in relative muscle size,
which is supported by our results.
Applications to musculo-skeletal modeling
Musculo skeletal models often rely on measurements
obtained from cadaver dissection as inputs for muscle size and force. The accuracy of cadaver muscle
data has been questioned in the past (Narici, 1999)
and it has been shown that cadaveric muscle volumes
underestimate in vivo volumes of healthy subjects
(Handsfield et al., 2014). Here, we have shown that
volumes of sprinters’ muscles are significantly larger
than those of healthy non-sprinters but that muscle
volume differences in sprinters are non-uniform.
Non-uniform scaling of muscle volumes is thus
important for accurately modeling sprinters in musculo skeletal simulations. This study offers in vivo

measurements of muscle volumes that may be used
to develop higher fidelity simulations of movement
in athletes.
Perspective
The present results reveal muscle volume profiles in
elite sprinters that differ from non-sprinters and are
characterized by disproportionately large muscles in
the thigh and hip but not in the shank. Although
muscle size and muscle size profiles are not the only
factors that contribute to athletic performance, muscle hypertrophy reflects an increase in the force-generating capacity of a healthy muscle. While not a
comprehensive assessment of biomechanical performance, the muscle size distributions observed here
may highlight disproportionate hypertrophy of proximal limb muscles as a training adaptation that promotes fast running. This particular muscle
distribution is thought to contribute to the generation of very high stride frequencies while maintaining
large ground contact forces and short contact times.
Having disproportionately small ankle-crossing muscles may be additionally advantageous as this feature
reduces the torques that are required to swing the leg
and foot through gait, therefore further reducing
stride times. While there may be a genetic component
to the muscle size profiles observed here, it is likely
that training effects also contribute to the observed
muscle distributions, suggesting that athletes of different sports may display particular muscle distributions as a response to the training demands of their
sport and that differ from the muscle distribution
apparent in average humans. This poses the interesting questions of whether there are ideal muscle size
profiles for specific sports and if an optimal training
regimen can promote this profile. Athletic performance is influenced by many factors other than muscle size, such as muscle fiber-type distribution,
muscle coordination, and tendon elasticity. Future
work may suggest the extent to which muscle size
and muscle size profiles, as compared to other factors, influence athletic performance and if optimal
muscle size profiles can be achieved through specific
training.
Key words: Muscle volume, athletes, heterogeneity,
lower limb, MRI.
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