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ARTICLE

Sex differences in gluteal muscle forces during running
C. Nathan Vannattaa,b and Thomas W. Kernozek b,c

aSports Physical Therapy Department, Gundersen Health System, Onalaska, WI, USA; bDepartment of
Health Professions, Physical Therapy Program, La Crosse Institute for Movement Science, University of
Wisconsin - La Crosse, La Crosse, WI, USA; cDepartment of Health Professions, Physical Therapy Program,
University of Wisconsin, La Crosse, La Crosse, WI, USA

ABSTRACT
Sex differences in common sports injuries to the lower extremity
have been reported. Biomechanical factors of the hip have been
investigated between sexes with regard to running-related injury.
This study investigates gluteal muscle forces between sexes to
aid in our understanding of sex-related biomechanical factors in
running. Twenty-one healthy male and female runners were
participants. Each ran at a controlled speed of 3.52–3.89 m/s
down a 20-m runway. Kinetic and kinematic data were utilised
to estimate muscle forces. Multivariate analysis of variance tests
were utilised to detect differences in gluteal and hamstring mus-
cle forces, hip and pelvic kinematics, and hip kinetic variables
between sexes. Males produced greater peak gluteus maximus
force, but lesser peak gluteus medius, minimus, and hamstring
force than females during running. Males also demonstrated less
hip adduction and greater hip flexion and anterior pelvic tilt than
females. Finally, males produced lesser peak hip abduction and
external rotation moments than females. Males and females
demonstrate differences in gluteal muscle forces and hip kinetics
and kinematics during running. Further understanding of under-
lying muscle forces may offer further insight into biomechanical
differences in running between males and females.
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Introduction

Sex differences have been reported for common sports injuries to the lower extremity
such as anterior cruciate ligament (ACL) injuries (Schilaty et al., 2017), patellofemoral
pain (PFP) (Boling et al., 2010), and iliotibial band syndrome (ITBS) (Phinyomark,
Osis, Hettinga, Leigh, & Ferber, 2015), to name a few. This has led to investigations into
anatomical, hormonal, and neuromuscular differences that may be present between
males and females, which may help to explain these differences in injury rates between
sexes. Recently, Schilaty, Bates, and Hewett (2018) reported that there is an unfortunate
lack of research elucidating sex differences during sports activities that may provide
insight into movement-related injuries.

Differences in hip muscle function have been one area that has received much
attention. Healthy females have been reported to demonstrate greater peak hip internal
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rotation and adduction motion during running (Chumanov, Wall-Scheffler, &
Heiderscheit, 2008; Ferber, McClay Davis, & Williams, 2003). In the light of these
differences, hip kinematics have been postulated as one predisposing factor in the
aetiology of PFP (Noehren, Hamill, & Davis, 2013). Differences in hip kinematics
have also been demonstrated between sexes in runners with ITBS where females with
ITBS demonstrated greater hip external rotation (Phinyomark et al., 2015). As sex
differences in biomechanical factors of running have been observed in both healthy
and injured populations, further understanding of neuromuscular differences between
sexes appears warranted.

In addition to kinematic differences at the hip, joint kinetic differences between sexes
have also been observed in healthy runners (Ferber et al., 2003). These kinetic differ-
ences likely place different loads on the hip joint requiring different levels of muscle
activation and force generation to produce and control motion while running. This may
be one reason why differences in muscle activation of the gluteal muscles have also been
observed to differ between males and females (Chumanov et al., 2008; Willson,
Petrowitz, Butler, & Kernozek, 2012).

Willson et al. (2012) reported greater gluteus maximus activation in females com-
pared to males despite the timing of activation being similar. These authors postulated
that this difference in gluteus maximus activation during running may be important in
the aetiology of PFP, as this may lead to muscle fatigue. With fatigue, the gluteus
maximus may have a reduced capacity to control hip adduction and internal rotation
during stance. While muscular activation patterns appear to be important in such
conditions as PFP (Barton, Lack, Malliaras, & Morrissey, 2013; Willson, Kernozek,
Arndt, Reznichek, & Straker, 2011), muscle force estimates may provide further insight
to the possible sex differences in biomechanical factors during.

No studies to date have examined the differences in hip muscle forces that may be
present between sexes. Therefore, it is the purpose of this study to describe the
differences in gluteal muscle forces that may be present between males and females
during running. As females have been reported as running with increased hip adduc-
tion (Chumanov et al., 2008; Ferber et al., 2003), it is hypothesised that females will
demonstrate reduced gluteus medius and minimus muscles forces. With reports of
increased gluteus maximus EMG in females (Willson et al., 2012), it is hypothesised
that females will have increased gluteus maximus muscle forces in comparison to males
in conjunction with increased frontal and transverse plane motion of the hip.

Methods

An a priori sample size estimate of 21 participants per group was determined using
a downloadable statistical package (G*Power 3.1.9.2 Dusseldorf, Germany) based on an
effect size of 0.8, alpha error probability of 0.05 and power of 0.80. Therefore, 21
healthy females (age: 21.9 ± 1.6 years; height: 165.8 ± 7.8 cm; mass: 59.7 ± 13.1 kg;
Tegner median score: 6) and males (age: 21.7 ± 1.9 years; height: 177.7 ± 8.0 cm; mass:
75.1 ± 10.7 kg; Tegner median score: 6) were tested. Inclusion criteria were as follows:
self-reported running routine of greater than 16 km per week, self-reported RFS pattern
(first contact with the ground made with the heel) while running, score of 5 or greater
on the Tegner activity scale (a measure of regular participation with recreational sports
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which require running and jumping), and no reported injuries that limited regular
participation in running within the last 12 months. Exclusion criteria were as follows:
pregnancy, reported cardiovascular pathology, and surgery to either lower extremity
within the last 12 months. All participants gave their informed consent to the testing
protocol as approved by the University of Wisconsin—La Crosse Institutional Review
Board.

A static neutral standing pose was used to determine body weight and to initialise
the musculoskeletal model from a global reference frame to a joint coordinate reference
frame. After a minimum of three practice running trials, participants ran down a 20-m
runway using their typical rear-foot running pattern. This pattern was verified using the
foot strike index when the centre of pressure at ground contact was located in the rear
third of the foot being defined as a rearfoot strike (Cavanagh & Lafortune, 1980).

All participants were fitted with the same model of footwear (Model 629, New
Balance, Boston, MA, USA). Speed was restricted to a range of 3.52–3.89 m/s using
photocells interfaced with a digital clock based on the group average recreational
running 5 k pace. Running pattern was observed carefully and any trials where targeting
of the force plate occurred were repeated. A minimum of five successful trials were
completed under each condition.

Forty-seven reflective markers were placed on the participants’ body and clothing as
necessary (Vannatta & Kernozek, 2015). Hip joint centre was based on Bell, Pedersen,
and Brand (1990) from marker data during a static neutral standing trial. Motion capture
was completed by 15 Motion Analysis cameras (Motion Analysis Corporation, Santa
Rosa, CA, USA) mounted around the runway with a sampling rate of 180 Hz. Ground
reaction forces were collected with a force platform (Model 4080, Bertec Corporation,
Columbus, OH, USA) mounted flush with the runway and sampled at 1800 Hz. Both
analogue data from force platforms and kinematic data were filtered at 15 Hz using a low-
pass digital filter.

The Human Body Model [(HBM) Motek Medical, Amsterdam, Netherlands] was
used to calculate muscle forces based on a 44 degree-of-freedom (DOF) musculoskeletal
model with 18 rigid segments (van Den Bogert, Geijtenbeek, Even-Zohar, Steenbrink, &
Hardin, 2013). Three hundred muscle-tendon units were represented in the model
where muscle parameters were based on Delp et al. (1990). Sex-specific anthropometric
data were collected from de Leva (1996) to account for anatomic differences in inertial
parameters between sexes.

Muscle forces were estimated from the joint moments by minimising a static cost
function where the sum-of-squared muscle activations were related to each muscles
maximum strength (van Den Bogert et al., 2013). Muscles such as the gluteus maximus
and gluteus medius were modelled with multiple lines of action and had three such
muscle elements each. Muscle force elements were summed for these muscle groups to
represent their total force output, respectively. Muscle forces were normalised to body
mass and were expressed in N/kg. We used a 20-N threshold for vertical force from the
force platform to extract these data during running for the stance phase of the right leg.

A multivariate analysis of variance (MANOVA) was used to examine sex differences
in peak muscle forces and kinematics of the pelvis and hip (α = 0.05). Follow-up
univariate tests were performed to assess differences in muscle force and kinematic data
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between sexes. Statistical calculations were performed in SPSS 24.0 (IBM, Armonk,
NY, USA).

Results

Age and activity level were similar between sexes. Males had greater average height and
mass (p < 0.001). Multi-variate analysis revealed differences for all gluteal muscles
(Wilk’s lambda = 0.036, p < 0.0005) with large effect sizes (Table 1). Females demon-
strated 71.3% greater gluteus medius force and 86.8% greater gluteus minimus force.
However, gluteus maximus force was found to be 58.17% less in females as compared to
males (Figure 1).

Multi-variate analysis showed differences in hip and pelvis kinematic measures
(Wilk’s lambda = 0.012, p < 0.0005). Follow-up univariate tests revealed differences in
hip flexion, adduction, and anterior pelvic tilt. No differences were observed in hip
internal rotation or pelvic drop (Table 2; Figure 2). Large effect sizes were present with
differences in hip adduction and anterior pelvic tilt. However, the difference in hip
flexion had only a moderate effect size.

Multi-variate analysis showed differences in hip extension, hip abduction, and hip
external rotation moments (Wilk’s lambda = 0.012, p < 0.0005). No difference was
present in hip extension moment between males and females. However, females
demonstrated 23.2% greater hip abduction moment and 140.7% greater hip external
rotation moment (Table 3).

A follow-up analysis of hamstring muscle force was completed to help interpret the
above findings. The hamstring muscle force was estimated by summing the individual
force output of the semimembranosus, semitendinosis, and both the long and short
heads of the biceps femoris. Interestingly, females demonstrated hamstring forces that
were 26.9% greater than males (Table 1).

Discussion and implications

Females demonstrated greater gluteus medius, gluteus minimus, and hamstring muscle
force but less gluteus maximus force than males during running. Females also demonstrated
greater peak hip adduction and lesser peak hip flexion and anterior pelvic tilt compared to
males. No differences were seen in other kinematic variables of the hip or pelvis.

This is the first study to our knowledge that has investigated sex differences in
muscle forces of the lower extremity during running. Previous studies have investigated
changes in muscle forces with different step rates (Lenhart, Thelen, & Heiderscheit,
2014) and foot strike patterns (Vannatta, Kernozek, & Gheidi, 2017); however, sex

Table 1. Comparison of mean peak muscle forces between females and males during the stance
phase of running.
Muscle force (N/kg) Females Males Difference Effect size F- Statistic (1,40) p-value

Gluteus maximus 8.50 (sd 4.11) 20.32 (sd 7.68) −11.82 2.00 39.430 <0.001
Gluteus medius 63.84 (sd 11.01) 37.26 (sd 9.36) 26.58 2.60 70.132 <0.001
Gluteus minimus 12.01 (sd 2.53) 6.43 (sd 1.68) 5.58 2.86 84.480 <0.001
Hamstrings 36.03 (sd 8.77) 28.14 (sd 5.31) 7.89 1.12 – <0.001
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differences were not considered in one (Lenhart et al., 2014) and only females were
investigated in the other (Vannatta et al., 2017). Thus, our hypotheses were generated

Figure 1. Comparison of gluteal muscle forces during the stance phase of running.
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Table 2. Comparison of mean peak kinematic variables between females and males during the
stance phase of running.

Females Males Difference Effect size F-Statistic (1,40) p-value

Hip flexion (°) 37.48 (sd 8.08) 41.97 (sd 4.35) −4.49 0.72 5.024 0.031
Hip adduction (°) 14.60 (sd 3.79) 9.10 (sd 3.05) −5.50 1.61 26.831 <0.001
Hip IR (°) 4.43 (sd 6.52) 3.21 (sd 5.49) 1.22 0.20 0.434 0.514
Pelvic anterior tilt (°) 9.03 (sd 6.05) 13.25 (sd 3.98) −4.21 0.84 7.118 0.011
Pelvic drop (°) 3.57 (sd 4.44) 2.32 (sd 2.66) 1.26 0.35 1.236 0.273

Figure 2. Comparison of hip and pelvis kinematics during the stance phase of running.
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from previous studies that investigated EMG differences in gluteal muscles between
sexes during running.

Nonetheless, when averaging both male and female gluteal muscle forces our data
appear to be different than those reported by Lenhart et al. (2014). We reported
a combined average of 50.67 ± 16.7 N/kg for the gluteus medius (compared to
32.05 ± 4.03 N/kg), 9.24 ± 3.41 N/kg for the gluteus minimus (compared to
22.97 ± 3.65 N/kg), and 14.49 ± 8.61 N/kg for the gluteus maximus (compared to
15.80 ± 2.89 N/kg). The differences between these reported values are likely explained,
in part, by the different models and optimisation schemes utilised within these studies.
Although differences may exist between these results and previous studies, as the same
musculoskeletal model was applied to males and females in the present study these
differences would be systematic and should not have affected our results.

However, our modelling estimates of muscle force have not shown agreement to
some EMG studies that have examined running. Both Chumanov et al. (2008) and
Willson et al. (2012) reported greater EMG activity in the gluteus maximus in females
compared to males and no differences in gluteus medius activity based on sex. Due to
these reports, we hypothesised that the greater EMG activity may indicate greater force
output from the gluteus maximus; however, our results do not appear to support this
hypothesis. Furthermore, as females have demonstrated greater frontal plane motion at
the hip in previous studies (Chumanov et al., 2008; Willson et al., 2012), as well as in
our present study, it was hypothesised that reduced gluteus medius and minimus force
may partially explain this. Neither of these hypotheses was supported by our findings.

However, increases in EMG activity do not necessarily represent increases in muscle
force during dynamic movements (Solomonow et al., 1990). A possible explanation to
reconcile increased gluteus maximus EMG activity found in previous studies, but
reduced muscle force in our study, is that females may show differences in motor
unit synchronisation, motor unit firing rate, or action potential rate as each has been
shown to affect EMG signals and force generating capacity (Hunter, Duchateau, &
Enoka, 2004). This may imply that females employ a different motor unit recruitment
pattern for the gluteus maximus during running. In addition, this may indicate that
greater EMG activity of the gluteus maximus may not produce increased muscle force
output. Further work appears necessary in this area.

Additional data supporting the possibility of different recruitment and muscle force
development strategies of the gluteal muscles for females is that they produced a similar
hip extension moment as males (Table 3) despite a reduction in peak gluteus maximus
force. The reduction appears to be related to the increase in peak hamstring force
observed in females during running (Table 1). Thus, females may utilise a preferred
pattern of hamstring force for hip extension rather than the gluteus maximus. However,

Table 3. Comparison of mean peak kinetic variables between females and males during the stance
phase of running.
Joint moments Females Males Difference Effect size F-Statistic (1,40) p-value

Hip extension (N.m/kg) 2.25 (sd 0.46) 2.40 (sd 0.45) −0.15 0.32 1.085 0.303
Hip adduction (N.m/kg) 1.94 (sd 0.33) 1.58 (sd 0.40) 0.36 0.99 10.304 0.002
Hip ER (N.m/kg) 0.534 (sd 0.26) 0.222 (sd 0.35) 0.312 1.03 10.881 0.002
vGRF (BWs) 2.39 (sd .22) 2.49 (sd 0.33) −0.10 0.36 1.451 0.235
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since the gluteus maximus is considered to be a prime mover for hip external rotation,
greater muscle force output of other hip external rotators [i.e., the piriformis, the
posterior fibres of the gluteus medius and gluteus minimus, and quadratus femoris
(Neumann, 2010)] may be required to control transverse plane motion of the hip. This
may also help explain the increased gluteus medius and minimus muscle forces in
females if these muscles were assisting with the production of the larger external
rotation moments observed in females.

Finally, motor unit mechanisms may also help to explain the discrepancy in sex
differences in gluteus medius and minimus muscle forces in comparison to EMG
activation. Differing motor unit strategies may be present in these muscles leading to
different electro-mechanical profiles for different muscles as has been previously sug-
gested (Bigland-Ritchie, Johansson, Lippold, Smith, & Woods, 1983).

Differences in hip kinematics observed in the present study appear to be consistent
with previous research (Chumanov et al., 2008; Ferber et al., 2003; Willson et al., 2012).
Specifically, differences in hip frontal plane motion have been observed between sexes
and these findings are similar to those previously reported (Chumanov et al., 2008;
Willson et al., 2012).

In the current study, no sex differences in peak hip internal rotation were found.
This was different than previous research that has reported females as running with
greater peak hip internal rotation (Chumanov et al., 2008; Ferber et al., 2003). However,
the magnitude of motion shown in our study was comparable to previous studies but
the variability was higher. Furthermore, these previously reported differences in peak
hip internal rotation have been small (3.8° in the cohort studied by Chumanov et al.
(2008) and 4.15 in the cohort studied by Ferber et al. (2003). Thus, it could indicate that
our sample size was either too small and/or the kinematics measured were too variable,
to detect such a small difference between sexes.

Pelvis motions were different in tilt, but not drop, between runners based on sex. No
difference in pelvic drop between males and females appears consistent with one
previous study that examined such data at different walking and running speeds
(Chumanov et al., 2008). Males, however, demonstrated increased anterior pelvic tilt.
We are unaware of previous studies that have investigated sex differences in this
variable. As lumbo-pelvic stability has been implicated in running injuries (Rivera,
2016), this difference may be relevant but certainly requires further investigation.

An interesting combination of findings from this study appears to be the presence of
increased hip adduction in females despite producing greater gluteus medius and
minimus muscle forces during the stance phase of running. Anatomical differences in
pelvic width may help explain this finding as women typically have been reported to
have a wider pelvis (Lewis, Laudicina, Khuu, & Loverro, 2017). This may require greater
hip adduction to position the foot closer to the midline of the body during running.
Greater hip adduction at initial contact would likely result in a greater external moment
across the hip requiring more force from the gluteus medius and minimus. The greater
forces observed in these muscles may be the result of differing kinematics due to
different anatomy rather than reflecting the ability of these muscles to prevent motion.
Further study investigates the role of how these individual muscles in the lower
extremity relate to RRI appears necessary.
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Several limitations of this study must be noted. First, we used motion capture and
force platform data within a musculoskeletal model to estimate muscle force from
inverse dynamics and then static optimisation. These models require various anatomi-
cal assumptions and approximations. Marker data from a static pose were used to scale
the pelvis for both male and female participants using the force and muscle attachment
points from Delp et al. (1990). As such, gender-specific differences in pelvis architecture
may have been scaled in such a way that may have inflated or depressed muscle forces
based on sex. Based on the study by Woyski, Olinger, and Wright (2013), the gluteus
medius moment arms were reported to be smaller females. Since the frontal plane
moment was larger for females, it partially explains this finding in our data. The
sensitivity of these muscle parameters for such models is unknown at this time.
Therefore, these approaches can only provide an estimate of muscle force during
running. The absolute accuracy of such methods is unknown at the present time.
Furthermore, although force patterns may be estimated by these methods, these data
cannot be used to make direct comparisons to the magnitude of muscle activation
amplitudes from EMG studies. Also, our participants were all habitual rear-foot strike
runners; thus, our findings cannot be used to characterise hip muscle forces in habitual
forefoot strike runners as it appears that these muscle forces appear different (Vannatta
et al., 2017). Furthermore, we used a controlled average speed for all runners which
may not have represented the participants’ preferred, or typical, running speed. As
muscle force patterns do change with increasing speed (Dorn, Schache, & Pandy, 2012),
this may have affected the muscle forces observed for each of the participants in this
study. However, the running speed selected was <4 m/s and the changes seen in runners
approaching sprinting speeds (i.e., 7–9 m/s) were likely not present in this study. We
did not consider running experience in our study which may have affected individual
running patterns. Lastly, we elected to control footwear and have all participants run in
similar model shoes. As footwear can affect running parameters, this may have affected
the mechanics observed in this study. However, as this was systematic for all partici-
pants we do not believe this would have significant bearing on our results.

This study is the first to our knowledge to investigate differences in muscle forces
between sexes in healthy runners. Thus, further investigation supporting these findings
is suggested before firm conclusions are made from this preliminary work.

Conclusion

Differences in gluteal muscle forces and hip kinematics and kinetics were observed
between males and females. Females may have to generate greater gluteal medius and
minimus muscle forces to meet the requirements imposed partially by greater hip
adduction position of the hip. Females may also utilise a different muscular strategy
to generate hip extension and external rotation moment than males. As males and
females appear to employ differing muscular strategies during running, further work
investigating how these differences may be related to RRI appears warranted.
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