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Sex Differences in Endurance Running

Thibault Besson1 · Robin Macchi2 · Jeremy Rossi1 · Cédric Y. M. Morio3 · Yoko Kunimasa2 · Caroline Nicol2 · 
Fabrice Vercruyssen4 · Guillaume Y. Millet1,5 

Abstract
In recent years, there has been a significant expansion in female participation in endurance (road and trail) running. The 
often reported sex differences in maximal oxygen uptake (VO2max) are not the only differences between sexes during 
prolonged running. The aim of this narrative review was thus to discuss sex differences in running biomechanics, 
economy (both in fatigue and non-fatigue conditions), substrate utilization, muscle tissue characteristics (including 
ultrastructural muscle damage), neuromuscular fatigue, thermoregulation and pacing strategies. Although males and 
females do not differ in terms of running economy or endurance (i.e. percentage VO2max sustained), sex-specificities exist 
in running biomechanics (e.g. females have greater non-sagittal hip and knee joint motion compared to males) that can be 
partly explained by anatomical (e.g. wider pelvis, larger femur-tibia angle, shorter lower limb length relative to total height 
in females) differences. Compared to males, females also show greater proportional area of type I fibres, are more able to 
use fatty acids and preserve carbo-hydrates during prolonged exercise, demonstrate a more even pacing strategy and less 
fatigue following endurance running exercise. These differences confer an advantage to females in ultra-endurance 
performance, but other factors (e.g. lower  O2 carrying capacity, greater body fat percentage) counterbalance these 
potential advantages, making females outperforming males a rare exception. The present literature review also highlights 
the lack of sex comparison in studies investigating run-ning biomechanics in fatigue conditions and during the recovery 
process.

 * Guillaume Y. Millet
guillaume.millet@univ-st-etienne.fr

1 Univ Lyon, UJM-Saint-Etienne, Inter-University 
Laboratory of Human Movement Biology, EA 7424, 
42023 Saint-Étienne, France

2 Institute of Movement Sciences (ISM), National Center 
of Scientific Research (CNRS) and Aix Marseille Univ, 
Marseille, France

3 Decathlon SportsLab, Movement Sciences Department, Lille, 
France

4 Impact of Physical Activity on Health (IAPS), University 
of Toulon, Toulon, France

5 Institut Universitaire de France (IUF), Paris, France

Key Points 

Female participation in endurance running has increased 
considerably over the last 20 years. Some physiological 
factors are known to explain sex differences in ‘classic’ 
endurance running performance (e.g. V̇O2max); this narra-
tive review discusses via a multidisciplinary approach—
physiological, biomechanical and neuromuscular factors 
that differentiate sexes in prolonged running exercise.

Although males and females demonstrate differences in 
running biomechanics, they do not differ in terms of run-
ning economy. A greater proportion of type I fibres and 
greater ability to use fatty acids in females could explain 
the lower neuromuscular fatigue of the quadriceps and 
triceps surae reported after prolonged running races 
compared to males, and could confer an advantage to 
females over ultra-endurance competitions.

More direct comparisons between males versus females 
in response to fatiguing running exercise are needed.
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1 Introduction

Running, one of the most popular recreational sports, is 
associated with many health benefits [1–3]. Supported by 
major sports companies, running as a leisure activity has 
grown rapidly since the 1970s in North America and in 
Europe since the beginning of the 1980s [3]. During the last 
decade, female participation in running events has increased 
considerably. According to a recent survey (https:// runre 
peat. com/ state- of- runni ng), covering more than 70,000 road 
races from 5 km to marathons all over the world, female par-
ticipation had reached 50% in 2018. The International Trail 
Running Association recently reported an increase in female 
participation in trail running from 18% in 2013 to 26% in 
2019 (https:// itra. run/). In ultra-trail races, the participation 
rate of females is much lower, yet a sixfold increase has also 
been reported since the 1980s [4]. Despite the increasing 
female participation, the vast majority of scientific studies 
are still conducted on males. Indeed, based on data collected 
from three major sport and exercise medicine journals, the 
average ratio of male to female participants per article is ⁓ 
65:35 [5]. Part of this difference has been attributed to sex 
differences in willingness to participate in certain types of 
research. In other words, a volunteer bias in female partici-
pation in running research may exist [6].

With the growth of the number of females engaged in 
running events, their performance rapidly improved through 
the 1980s [7] and, from then, researchers started to compare 
male and female running performance from sprint to mara-
thon distances [8, 9]. In the 1990s, it was believed that there 
would be a reduction [10–12] or even disappearance [8] of 
sex differences in running performance. For instance, using 
a regression analysis between running velocities over several 
distances and historical time in males and females, Whipp 
and Ward [8] reported in 1992 that females could outrun 
males in marathon distance in 1998. However, the difference 
in performance between sexes remains around 10–12% for 
running events from sprint to marathon [13–15]. The issue 
of sex differences in performance as a function of distance 
is complex. When using the world best times from 100 m 
to 200 km, Coast et al. [14] reported that the difference in 
performance increases with distance, particularly in events 
longer than the marathon. It has also been reported that the 
difference between sexes when comparing the best male and 
the best female runners was ~ 17% for the 100-km Lauf Biel 
in Switzerland [16] and ~ 20% for the 161 km of various 
north American ultra-marathons [7]. Additionally, da Fon-
seca-Engelhardt et al. [17] observed the same tendency on 
two of the hardest ultramarathons worldwide, i.e. the ‘Bad-
water’ in the USA and the ‘Spartathlon’ in Greece, with 
performances being ⁓ 20% slower for females than for males 
(based on the top five finishers). On the contrary, Peter et al. 

[18] reported a ⁓ 10–13% gap when comparing the fastest
male and female runners ever of the 24-h ultra-marathon.
How do we explain the variability in sex differences in run-
ning performance between studies regarding events longer
than the marathon? First, reported sex differences depend on
how the question is framed, for example, comparing the top
female and male runners or considering all participants. In
the latter case, sex differences seem to even decrease with
increasing race distance and no differences were reported in
races longer than 315 km (e.g. https:// runre peat. com/ state- 
of- ultra- runni ng), whereas, based on unpublished data, the
sex difference in performance appears constant with increas-
ing distance when considering the first males and the first
females. Second, the percentage of female participation in
these events is much lower than reported for males, being
as low as 10% in some events, which may confound the per-
formance differences in the very long-distance races [19].
Third, many of the races above the marathon distance are
trail running events. These races are not as standardized as
road races, and consist of regular changes in terrain, techni-
cal difficulty, elevation gain and exact distance, and it is not
known if this has a greater impact on males than females, or
vice versa. Despite the substantially lower participation rate
of females, ultra-distance in running is one of the rare dis-
ciplines where females are able to outperform men. To cite
only a few, Corinne Favre, Pamela Reed, Hiroko Okiyama
and Jasmin Paris finished at first place overall at the ‘CCC’
in 2006 (86 km), ‘Badwater’ 2002 and 2003 (217 km), the
‘Deutschland-lauf’ in 2007 (1,204 km), and the 268-mile
Montane Spine race, respectively. Jasmin Paris not only won
the race, but also shattered the previous male record by 12 h.
It is, however, likely that these exceptional performances are
not only due to the great mental and physical capacities of
these runners but also to the fact that the best men were not
running in these particular events. In summary, although
the question of the evolution of performance across race
distance according to sex is a complex one, largely due to a
question of parity in trail and ultra-trail running participa-
tion, the sex gap in performance appears relatively constant
with increasing distance when focusing on top level runners.

Long-distance running performance (up to the marathon) 
depends on the interaction between V̇O2max, the fraction of 
V̇O2max sustained (F) on the covered distance that is closely 
linked to lactate threshold (LT), and running economy (RE) 
(e.g. [20, 21]). Endurance factors such as F or LT do not 
seem to be affected by sex (e.g. [22–25]). For instance, 
Davies and Thompson [22] reported that male and female 
athletes were able to sustain similar F over the marathon dis-
tance (82 and 79%, respectively). The most obvious physi-
ological variable to explain running performance difference 
is the maximal oxygen uptake ( V̇O2max). When expressed 
in  mlO2·min−1·kg−1 (of body mass), V̇O2max is considered 
as the main factors explaining sex differences in endurance 

https://runrepeat.com/state-of-running
https://runrepeat.com/state-of-running
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https://runrepeat.com/state-of-ultra-running
https://runrepeat.com/state-of-ultra-running


running performance [20, 26], mainly due to greater per-
centage of body fat and lower haematocrit levels in females 
[26, 27]. When V̇O2max in males and females is adjusted to 
fat-free mass, some controversy exists in the literature, with 
some studies showing no sex differences [28–30] whereas 
other report a higher V̇O2max in males [31, 32]. Lower 
 O2-carrying capacity is definitively one factor explaining 
the lower V̇O2max in females [33]. As sex differences in V̇
O2max have largely been reviewed elsewhere [26, 31, 32, 34], 
the present review focuses on the other factors that differ-
entiate males and females in endurance running. Thus, the 
aim of the present narrative review was to examine whether 
males and females differ in terms of running biomechanics, 
economy and physiological responses during short (< 1 h) 
and prolonged (i.e. several hours of running) running exer-
cises. This narrative review offers a novel comprehensive 
and multidisciplinary (i.e. psychological, physiological, neu-
romuscular and biomechanical aspects) overview of the sex 
differences in endurance running. Article databases of the 
US National Library of Medicine (PubMed), ScienceDirect 
and SPORTDiscuss were searched using the search general 
(Gender or Sex differences) and specific terms (correspond-
ing to the studied scientific area of each part). For instance, 
article databases focusing on the “Running economy” part 
were searched as follows: Gender OR Sex differences AND 
Running economy OR oxygen demand OR Energy cost of 
running OR Oxygen cost of running OR oxygen uptake OR 
metabolic efficiency. Any additional relevant literature was 
obtained from the reference lists of the published papers. 
This searching process has been applied for each part of the 
current review.

2  Biomechanics of Running

Many studies have been conducted to compare the run-
ning biomechanics of males and females (Table 1). Several 
parameters such as the studied population, footwear, run-
ning surface and speed may contribute to the disparity in the 
results observed between studies. In the absence of fatigue, 
differences in spatiotemporal, kinematic and kinetics param-
eters of the running pattern have been extensively studied, 
but primarily in experimental conditions at given absolute 
running speeds and for a short period of time rather than in 
endurance condition. The major sex differences are indicated 
in blue on Fig. 1.

2.1  Spatiotemporal Parameters

Sex differences in spatiotemporal parameters have been 
investigated over a large range of running velocities (from 
7.5 to 24 km   h−1) [35–38]. For given absolute running 

speeds above 16 km  h−1, female runners present shorter 
absolute contact time, longer absolute flight time, shorter 
absolute stride length and higher stride frequency than males 
[36]. Because of shorter contact time and longer flight time, 
females present a lower duty factor, i.e. percentage of stride 
time spent on the ground, indicating that females are not 
a “scaled-down version of the male model” [36]. Interest-
ingly, these sex differences seem to disappear at slower 
speeds (10–14 km  h−1), with the exception of contact time 
as females still present shorter contact time than males 
when the speed decreases [35]. At high absolute speeds, 
females probably have to adjust their biomechanics, in par-
ticular through adopting a high stride frequency as they are 
closer than males to their maximal speed. Indeed, once nor-
malized to maximal velocity (from 60 to 90% of maximal 
velocity), sex differences in contact time and in duty fac-
tor tend to disappear and step frequency is actually lower 
in females [36]. Sex differences in body proportions might 
also explain part of the sex differences in spatiotemporal 
parameters. For instance, several studies reported shorter 
step length in females at various running speeds (from 
7.5 to 24 km  h−1), but these differences vanished or even 
reversed once adjusted to stature or leg length [35, 36, 38, 
39]. Furthermore, a significant positive association between 
contact time and body height, leg length and body mass has 
been found [37], but the extent to which morphological dif-
ferences contribute to the sex influence on spatiotemporal 
parameters is not yet clear.

2.2  Running Kinematics and Muscle 
Electromyographic Activity

The multitude of variables studied and the diversity of the 
methods of running kinematics analysis make comparisons 
between studies quite challenging. However, a shared obser-
vation across studies is that sex differences mostly existed at 
the hip and knee level [40–51].

In recreational runners, females exhibited significantly 
greater hip adduction and internal rotation during the 
stance phase of running compared to males across a range 
of speeds [40, 42, 43, 49] and surface inclinations [42]. 
Sex differences in running kinematics at the hip level have 
been attributed to the fact that females have a wider pelvis 
[52] and possibly weaker hip abductor and external rotator
muscle strength compared to males [49, 53]. Despite mod-
erate correlations between hip, pelvis and trunk kinemat-
ics and hip abductors or external rotator strength in both
males or females, hip strength parameters remain a sub-
stantial portion of the explained variance in running kin-
ematics for both sexes [45]. Females have also been shown
to present greater knee abduction during the stance phase
of running compared to males [43, 44, 47–50]. Greater
knee abduction has been associated with smaller rearfoot
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eversion to compensate for larger hip adduction, as typi-
cally seen in females [49], i.e. sex differences in kinemat-
ics at the hip level can explain differences at the knee 
level. In other words, greater knee abduction in females 
could also be a plausible consequence of morphological 
differences and especially the greater Q-angle (i.e. the 
acute angle formed by the vector for the combined pull 
of the quadriceps femoris muscle and the patellar tendon 
[54]) reported in females [43, 50]. Smaller knee flexion 
angles have been reported in females both at high running 
velocities (around 18 km  h−1 [46]) and at preferred run-
ning speed among a very large sample of 483 (263 females 
and 220 males) recreational and competitive runners [48]. 
However, previous investigations showed no sex differ-
ence in knee sagittal plane motion between females and 
males [43, 50]. These discrepancies could be explained 
by the imposed speed (13 and 14.4 km  h−1) in previous 
studies [43, 50], where running speeds varied from 8 to 
12 km  h−1 in Phinyomark et al. [48]. At the ankle level, 
one study found smaller rearfoot eversion in female run-
ners [49], whereas two other studies found greater rearfoot 
eversion in females [50, 55]. In these studies, as males 
and females ran at the same absolute speed, Takabayashi 
et al. [38] suggested that differences could be attributed 

to differences in body size and spatiotemporal parameters 
[38], as described in Sect. 2.1.

Given the identified sex differences in joint kinematics, 
research has been conducted to identify sex specificities in 
lower limb muscle activities. Unfortunately, sex compari-
sons have mostly been studied at given absolute running 
speeds and for very short periods of time (about 10 s). 
The neuromuscular strategies adopted may thus differ from 
those used in endurance running and racing conditions. 
In these experimental running conditions, females had a 
higher activation of the gluteus maximus [42, 51] than 
males at all speed (from 9.7 to 14 km  h−1) and incline (0, 
10 and 15%) conditions and a larger increase in activity 
of the vastus lateralis than males as incline increased [42]. 
Females may thus use different neuromuscular strategies 
than males in case of increased task demand, i.e. changes 
in speed and incline [56]. At similar running speeds of 
around 18 km  h−1, Malinzak et al. [46] demonstrated a 
higher activation of the quadriceps but a lower activation 
of the hamstrings in recreational female athletes compared 
to males, which potentially induced a higher anterior knee 
shear force (i.e. perpendicular force applied by the quadri-
ceps muscles on the tibia) in female runners. In contrast, a 
higher medial hamstring pre-activation has been reported 

Fig. 1  This schematic representation of a female runner is an over-
view of the main psychological, physiological, neuromuscular and 
biomechanical sex differences in endurance running. Parameters that 
could give an advantage to males and to females in endurance run-

ning performance are boxed in green and orange, respectively. >: 
superior in females, <: inferior in females, =: no sex difference, AT 
Achilles tendon, O2 oxygen, V̇O2max maximal oxygen uptake



in downhill running at a slow running speed (7.5 km  h−1 
on a 15° declined treadmill) in female runners, which 
may contribute to better stabilization of the knee joint in 
this situation [57]. Similarly, an increased pre-activation 
of the peroneal muscle group was found in female run-
ners during level running, and this was considered as a 
strategy to stabilize and protect the ankle joint [58]. As 
these studies only considered a small number of muscles, 
further analysis of the inter-muscular coordination in run-
ning was limited. However, in a recent study conducted 
in 60 females and 60 males [59], the concept of muscle 
synergies could be used based on the electromyographic 
recording of 13 lower limb muscles at running speeds 
ranging from 7.2 to 13.7 km  h−1. This study found sparse 
sex-specific modulations of the relative muscle contribu-
tion in running. During the stance phase, no sex differ-
ences were found in the contribution of the hip extensors, 
tensor fasciae latae and plantar flexors, yet females used 
the vastus medialis less during the weight acceptance. In 
this particular phase, the timing of the main peak of activ-
ity was similar but the synergy was narrower in females, 
implying a shorter time-duration of activation in females 
than in males. The authors suggested that the neuromotor 
strategy showed by females could reduce their fatigabil-
ity during prolonged locomotion efforts. During the early 
swing, females used the rectus femoris less but the gluteus 
medius more whereas during the late swing, females used 
the tibialis anterior more compared to males.

Overall, despite sex-specificities of the running kinemat-
ics, the reported differences in muscle activities, such as the 
female-specific protective joint strategies, are still contro-
versial and unlikely to reduce the sex-related gap in perfor-
mance. Further studies should focus on the sex differences in 
muscle synergies under endurance and competitive running 
conditions.

Most of these studies investigated running mechanics at 
the same absolute speed, putting female runners at a greater 
relative demand on their musculoskeletal system. Indeed, 
most of the previous literature on kinematics differences 
between male and female runners failed to establish a rela-
tionship with sex, often because of the lack of control for 
confounding factors such as running speed and participants’ 
height and body mass. It is therefore necessary to conduct 
more studies with larger sample sizes allowing consideration 
of confounding factors in order to obtain a clearer picture of 
the real influence of sex on running biomechanics.

A recent study assessed sex differences in running bio-
mechanics in a population of Chinese males and females 
[60]. The authors report similarities with sex differences 
in Western populations (e.g. increased hip and knee range 
of motion in females), but also differences in biomechan-
ics (e.g. knee and ankle joint kinematics, vertical ground 

reaction force and plantar pressure) between Western and 
Chinese runners. Thus, the authors emphasized the fact that 
ethnicity should be considered when comparing running 
biomechanics in males and females, in particular by run-
ning shoe manufacturers. Another under-studied topic is the 
influence of females’ breasts on their running biomechanics. 
A recent review [61] pointed out that, although there is some 
information on breast motion during walking or running, 
the previous breast-focused literature had “poor research 
design and inadequate biomechanical methods used to quan-
tify complex three-dimensional breast motion”. Brown and 
Scurr [62] found a slightly negative influence of breast mass 
on the marathon finish-time; however, no studies have been 
conducted so far to determine the influence of the biome-
chanics of females’ breasts and trunk on their running per-
formance. This specificity of females’ morphology should 
also be considered in future studies examining sex difference 
in running biomechanics.

2.3  Running Kinetics and Muscle–Tendon Stiffness 
Regulation

At given running speeds up to 21.6 km  h−1, Keller et al. [63] 
did not report any sex difference in the changes in maximal 
vertical ground reaction force and loading rate (normalized 
by body weight) with speed. However, sex differences in the 
normalized force data have been reported in a larger group 
of recreational runners when running at the same absolute 
running speed of 11.9 km  h−1 [41]. Females exhibited a sig-
nificantly higher loading rate but a lower active peak force 
than males in both pre-fatigue and fatigue conditions. They 
also showed higher peak propulsive force (antero-posterior), 
but only before fatigue. Again, as this study was conducted 
at the same absolute running speed, greater peak propul-
sion force (measured on the antero-posterior axis) observed 
in females may have been due to the greater relative effort 
compared to males.

Joint moments and mechanical stress applied to lower 
limb joints have been compared to better understand poten-
tial sex differences in running-related injuries, rather than 
running performance [64]. Specifically, females appeared 
to be at greater prevalence [65] and incidence [66] to sus-
tain patellofemoral joint pain compared to males. Conflict-
ing results exist on sex differences in patellofemoral joint 
mechanical stress (PFJS) [40, 67, 68], probably due to dif-
ferent methods used to calculate it. In addition, contradictory 
results exist in sex differences when considering peak knee 
extension moment (normalized by body mass) in running 
since no difference [43], greater [67] or lower [40] moment 
in females have been reported. In the frontal plane, females 
have been shown to display greater normalized hip and knee 
adduction moment compared to males [44]. Similar to sex 



differences in running kinematics, sex differences in kinetics 
have mainly been attributed to – yet not measured—morpho-
logical sex differences.

Running is a stretch–shortening cycle type activity in 
which higher Achilles tendon (AT) stiffness is expected to 
affect the storage of elastic energy during the braking phase, 
followed by its recoil during the subsequent push-off phase. 
Therefore AT stiffness is expected to affect RE [69–73]. Ten-
don structural quality and resistance to deformation, tendon 
collagen synthesis rate and hypertrophic effect of regular 
running exercise on the patellar and AT have been reported 
to be lower in females than in males [74, 75]. In particular, 
no significant hypertrophic effect on the patellar and AT was 
found in young and regularly trained female runners (at least 
40 km of running mileage per week for the previous 5 years) 
as compared to untrained ones, whereas a significant gain 
was found in similarly trained males [75]. Both non-athletic 
[71] and trained female runners [73] have been reported with
lower stiffness and hysteresis of AT than their male counter-
parts. Despite this AT difference, trained female and male
runners had a similar RE (see Sect. 2.2), but this remains
the only study on such a sex comparison. Other confounding
factors should be considered, such as AT length and moment
arm, but these factors were studied primarily in elite male
runners [76]. Thus, further work is needed to determine in
females the exact influence of a less stiff AT on their RE and
running performance.

In addition to their effects on tendons, oestrogens are 
reported to reduce ligament stiffness. Although suggested 
as a potential risk factor for anterior cruciate ligament (ACL) 
injuries for female participants during sports activity [77], 
a causal link is refuted by other studies reporting no asso-
ciated decrease in anterior knee stiffness [78]. ACL laxity 
also appears to be affected by the menstrual cycle, as evi-
denced by its increase reported in the late follicular phase, 
i.e. when the serum level of estradiol peaks and progesterone
is low (e.g. [78, 79]). Once again, no associated change was
found in anterior knee stiffness [78]. Within this framework,
muscle stiffness being an important component of joint sta-
bility, it is noteworthy that Khowailed et al. [80] revealed
different muscle activation strategies in running during dif-
ferent phases of the menstrual cycle. During the follicular
phase, when oestrogen levels are low, females placed greater
reliance on the quadriceps than on the hamstrings. During
ovulation, when oestrogen level and knee laxity are high,
increased hamstring pre-activation and co-activation during
the braking phase have been observed. Thus, as oestrogen
levels seem to influence the stretch–shortening cycle and
potentially RE, running performance could possibly vary
across the menstrual cycle.

3  Substrate Utilization and Running 
Economy

3.1  Substrate Utilization

Numerous original studies and review studies have analyzed 
sex differences in substrate utilization during exercise last-
ing from 60 to 120 min (e.g. [81–86]) at different intensi-
ties (from 35 to 75% V̇O2max). Comparing sexes in substrate 
use is methodologically challenging since this parameter is 
influenced by several factors such as training status, men-
strual cycle phase, diet, age, etc. Controlling for age, diet 
and physical activity level (i.e. using V̇O2max expressed rela-
tive to fat-free mass) would allow avoiding heterogeneity 
in the results when comparing exercise-induced metabolic 
responses between males and females [82]. Menstrual cycle 
phase has been reported to have a small impact on sex differ-
ence in substrate utilization [86]. Oral contraceptives have a 
slightly greater impact on substrate oxidation [86]. Together 
this implies that when the variance of these two factors is 
not controlled, sex differences in substrate utilization may 
be biased.

When considering only the studies that presented as well 
controlled with regard to these factors, the overall conclu-
sion is that females oxidize more lipid and less carbohydrate 
(CHO) and protein than males during prolonged exercise 
(at least until 120 min of exercise duration). Females have 
also greater metabolic flexibility since substrate oxidation is 
readily adjusted according to the availability of nutrients. In 
this regard, the respiratory exchange ratio (RER) has been 
reported to be lower in females during low-intensity, pro-
longed exercises, supporting a lower reliance on whole-body 
CHO oxidation (e.g. [86]). For instance, lower RER values 
were found for females (0.87) than for males (0.94) dur-
ing a 15.5 km treadmill run at 65% VO2max [84]. During an 
incremental treadmill run test to exhaustion performed in a 
large cohort of 157 males and 143 females, Venables et al. 
[87] showed that females displayed higher maximal rates
of fat oxidation. In addition, females exercised at a higher
%VO2max, for which a CHO as dominant fuel is observed.
Although less used than CHO and fat, protein provides
approximately 5–8% of total energy in both sexes [29] dur-
ing prolonged exercise. However, it should be noted that the
protein catabolism seems to be lower in females, potentially
due to the higher fatty acid oxidation [29, 30, 84, 88, 89].
Theoretically, this may constitute an advantage for females
during ultra-endurance exercises (Fig. 1).

The higher metabolic flexibility observed in females 
constitutes a sex-specific difference that depends on sev-
eral factors (and their interaction), including higher skeletal 
muscle insulin sensitivity as well as high levels of circulat-
ing and intramuscular fatty acids required for the oxidation 



process (for a review, see [83]). Some authors have reported 
the crucial role of female sex steroid hormones (e.g. oestro-
gens) in the regulation of whole-body insulin sensitivity and 
substrate metabolism (e.g. [83, 86, 90]) at rest and during 
endurance exercise. Within the endogenous forms of oes-
trogens, 17-ß-estradiol and associated oestrogen receptors 
α are important in the regulation of substrate metabolism in 
skeletal muscle. Higher levels of 17-ß-estradiol are reported 
to spare glycogen stores and decrease liver glucose output 
and muscle uptake by shifting metabolism toward free fatty 
acids at certain (low to moderate) exercise intensities [28, 
86, 91–93]. This metabolic hormonal action might thus 
contribute to enhanced performance capabilities of females 
compared to males for ultra-endurance exercise. Although 
lower RER values have been reported at submaximal run-
ning intensities (30–60% VO2max) in the luteal phase of the 
menstrual cycle [94, 95], other studies reported no signifi-
cant differences throughout the menstrual cycle (e.g. [96]). 
Part of this discrepancy has been attributed to the complex 
balance between oestrogen and progesterone concentra-
tions and their fluctuations during the menstrual cycle [82]. 
According to D'Eon et al. [92], the ratio of oestrogen/pro-
gesterone would be sufficiently elevated to lead to metabolic 
changes between the menstrual phases.

Although females and males do not differ in their glyco-
gen stores and capacity for storage of glucose into glycogen 
[83, 84], females have a higher plasma fatty acid availability 
due to a greater number of intramyocellular lipid (IMCL) 
droplets (and not larger droplets) [97]. Moreover, female 
skeletal muscle is reported to be better able to store lipids 
and oxidize fatty acids during exercise, which would con-
tribute to maintaining a high level of IMCL turnover [83]. 
During exercise, this dependence on lipid substrate to cover 
energy expenditure in females might be explained by a 
greater relative area of type I muscle fibers (see next section) 
characterized by higher oxidative capacity, capillary density 
and higher insulin sensitivity [98]. Indeed, Essén et al. [99] 
previously reported that IMCL content was 2.8-fold higher 
in type I fibers compared to type II fibers. Despite inconsist-
encies in the literature [82], higher IMCL use during sub-
maximal exercise has been reported in females as compared 
to males, irrespective of training status [100–102].

The majority of studies focusing on sex differences in 
substrate oxidation have been conducted on a cycle ergom-
eter rather than in running (see Table 1 in Tarnopolsky [86]). 
The differences in substrate oxidation observed between 
sexes highlights the importance of quantifying the cycle 
menstrual phase, oral contraception, training level and diet 
in females.

3.2  Running Economy

RE is known to be the most predictive variable of running 
performance within homogeneous groups of trained athletes 
(i.e. similar VO2max values) (e.g. [21]). RE depends on sev-
eral physiological, biomechanical, anatomical and neuro-
muscular (NM) attributes, supporting the importance of a 
holistic approach in RE determination (for reviews, see [103, 
104]). Oxygen cost in  mlO2  kg−1  km−1 is derived from the 
mass-specific VO2, dividing the steady-state VO2 the resting 
value by the running speed. Given that substrate metabolized 
to provide energy may vary with exercise constraints such 
as intensity [105], duration [106], training and sex (e.g. [97, 
107]), it has been proposed to express RE as gross energy 
cost [105] in  J.kg−1.m−1 or  kcal.kg−1.km−1. An enhanced/
improved RE is associated with a decrease in this value.

During submaximal running tests (< 10 min), no sci-
entific consensus exists on the differences in RE between 
trained or recreational male and female runners, with con-
flicting results strongly related to differences in methodo-
logical setting [73, 108–114]. VO2max values, training back-
ground, running performance, body fat and quantification of 
RE have probably contributed to the lack of consensus on 
this issue. In this regard, sex-specific differences have often 
been observed when authors expressed RE from oxygen cost 
or submaximal VO2 (e.g. [23, 108, 112, 115]). Moreover, 
the majority of studies investigating sex differences in RE 
have used small sample sizes (e.g. n < 30) and/or compari-
sons across absolute speeds (rarely with relative intensities). 
In a study comparing RE between trained female and male 
runners, Fletcher et al. [73] did not show any sex differ-
ence at similar relative intensities (75, 85 and 95% of the 
speed at LT) when expressed in either energy cost or oxygen 
cost, or when using of an allometric scaling factor in order 
to take into account sex differences in body mass. These 
findings have been confirmed by the same research group 
with the inclusion of elite and trained male and female run-
ners [113]. In addition, using a larger sample size (n = 95), 
Black et al. [109] recently reported no sex differences in 
RE in  kcal.kg−1.km−1 at similar relative and absolute run-
ning speeds among females and males of equivalent stand-
ard. Considering these findings, no clear difference in RE 
responses exists between male and female runners even 
when applying different RE units.

In most of the articles focusing on RE responses in 
females, a qualitative analysis of menstrual cycle is lacking, 
and this might constitute an important methodological bias 
in RE evaluation. During endurance exercises, females gen-
erally use less CHO and have lower RER values [107, 116, 
117]. These metabolic changes may depend on the phases of 
the menstrual cycle as well as short-term oral contraceptives 
and, in turn, affect the RE response in females. RE may also 
be naturally influenced by the specificity of each phase (e.g. 



early, late follicular and mid-luteal phases), and, therefore, 
circulating hormone levels (i.e. oestrogen and progesterone). 
For instance, investigating three different times during the 
menstrual cycle in females taking oral contraceptives (i.e. 
constant doses of oestrogen and progestogen for 21 days), 
Giacomoni and Falgairette [118] reported an improved RE 
at low intensities (7–9 km  h−1) only during the late period 
of oral contraceptive use (i.e. days 19–21). In this regard, 
Dokumacı and Hazır [119] recently reported an improved 
RE (i.e. in terms of energy or oxygen cost) in the luteal 
phase compared to the follicular phase in female competitive 
athletes with no oral contraceptives. Conversely, two stud-
ies have indicated that the mid-luteal phase (high levels of 
oestrogen and progesterone) was associated with worse RE 
responses compared to early and late follicular phases [120, 
121]. More work is needed to better understand the effects 
of the menstrual phase in RE, but these findings suggest that 
those effects must be considered.

4  Fatigue Resistance

NM function, RE and biomechanics are often measured in 
a non-fatigued state. However, our group and others have 
consistently shown in the last two decades using labora-
tory or field experiments (e.g. marathon, trail/ultra-trails), 
that fatiguing endurance running exercise drastically affects 
maximal strength, RE and running patterns. Some sex differ-
ences exist at these levels and are discussed below.

4.1  Neuromuscular Fatigue

NM fatigue has traditionally been defined as an exercise-
induced reduction of maximal strength or power [122]. The 
causes can be peripheral (i.e., within the muscle) and/or 
central (i.e., proximal to the neuromuscular junction), and 
NM fatigue etiology in running depends on many factors 
such as exercise duration, intensity, altitude, and positive 
and negative slope [123]. Central fatigue reflects an inability 
to voluntarily activate muscles, and has been described as 
a protective mechanism acting to limit peripheral perturba-
tions [124, 125]. In contrast to central fatigue, which occurs 
predominantly after very long and low intensity exercise, 
peripheral fatigue is greater at higher intensities, shorter 
duration exercise [126] including downhill running [127], 
and could impair (1) action potential transmission along the 
sarcolemma, (2) excitation–contraction coupling, and (3) 
actin–myosin interaction [123].

Sex differences in fatigability have been mostly inves-
tigated in laboratory conditions (for a review, see [128]). 
While females are less strong and less powerful than males, 
they were found to be less fatigable than males for sustained 
or intermittent isometric contractions performed at a similar 

relative intensity [129]. However, sex differences in fatiga-
bility are less clear following dynamic tasks as females have 
been reported to be either less than or as fatigable as males 
(see Fig. 1 in Hunter [128]). Among these studies, a lower 
fatigue index (i.e. smaller decline in each isokinetic variable) 
was found in females compared to males after a series of 30 
maximal dynamic knee extension [130]. This finding could 
be of importance given that in a recent paper, Ehrstrom 
et al. [131] showed local endurance of the knee extensors 
was a good predictor of performance on a short trail run-
ning exercise (27 km with 1400 m of positive elevation) in 
trained male runners. On a fatiguing cycling task, Ansdell 
et al. [132] compared males and females after normalizing 
exercise intensity to critical intensity, and found that females 
displayed a greater relative critical intensity compared to 
males, yet contrary to their hypothesis, females had a longer 
time to task failure than males above critical power [132]. 
Females also exhibited lower strength loss and peripheral 
fatigue at exhaustion. However, sex differences in fatigabil-
ity following prolonged running exercise is not well docu-
mented. After 2 h of laboratory treadmill running at a speed 
corresponding to their first ventilatory threshold, Glace et al. 
[133] reported that knee extensor/flexor strength measured
in isokinetic conditions (60°  s−1) decreased in males only,
while decreased hip strength was independent of sex.

Under real endurance racing conditions on short distances 
(< 40 km), Boccia et al. [134] reported no sex difference in 
the decrease in knee extension force after a half-marathon 
performed by moderately trained runners under real rac-
ing conditions. These authors also found that the origin of 
fatigue was independent of sex. After a graded 20-km race 
(± 350 m) in recreational males and female runners, sex 
differences were found in both the acute and delayed (up 
to 4 days) recovery period [135]. Females showed smaller 
functional decrements within the first 2 h and earlier full 
recovery than males. Indeed, only males showed decreases 
in maximal isometric knee extension force and maximal 
power in drop jump up to 4 days after the race. However, 
regarding the relative decrements (normalized by pre-val-
ues), no sex difference was found, so that the lower fatigue 
effects observed in females may be partly attributed to their 
lower initial strength levels.

Over a much longer distance, Temesi et al. [136] assessed 
NM fatigue in experienced male and female ultra-endurance 
trail runners matched by relative level of performance (i.e. 
same average percentage of performance as the winner of 
each sex) after a 110-km ultra-trail-running. In the ultra-trail 
study, female runners had (1) less peripheral fatigue in the 
plantar flexors and (2) a lower decrease in maximal force in 
the knee extensors when compared to their male counter-
parts. The authors suggested that females were more fatigue 
resistant following ultra-endurance running effort, which 
could partly explain why they manage to outperform males 



in races of this format. A recent study from our group inves-
tigated sex differences in NM fatigue in trail running races 
of various distances (from 40 to 170 km) [137]. Male and 
female participants were matched by a relative level of per-
formance using the same criteria as in Temesi et al. [136]. 
Greater knee extensor strength loss was found in males com-
pared to females and, contrary to our hypothesis, this sex dif-
ference was independent of the race distance. Interestingly, 
we observed greater peripheral fatigue on plantar flexor mus-
cles in males compared to females in races under 60 km 
but no sex difference in races above 100 km. This result 
could be partly due to sex differences in the “competition 
intentions” of the participants: with races < 60 km females 
reported that they performed the race in a more “pleasure 
mode” whereas males were more competitively oriented. 
This possibility should be considered when concluding on 
fatigability. In other words, less fatigue post-exercise does 
not necessarily mean a better resistance to fatigue, at least 
in non-elite runners.

4.2  Muscle Tissue Characteristics

Among the underlying mechanisms, males and females 
have distinct muscle properties. An obvious difference that 
mainly explains the difference in maximal strength is muscle 
mass, due to larger diameter muscle fibers in males rather 
than the number of fibers [138], this larger size being due to 
sex-related differences in human skeletal muscle gene (e.g. 
GRB10 and ACVR2B) expression [139]. This factor has 
been presented as partly explaining the sex differences in 
fatigability in most of the studies using single-joint exercise 
since stronger muscles tend to be less perfused because of 
higher blood flow occlusion resulting from higher intramus-
cular pressure. In order to overcome the occlusion effect, 
Ansdell et al. [140] compared NM fatigue in males and 
females across submaximal and short duration intermittent 
isometric contractions (i.e. they used a 3-s contraction dura-
tion with a duty cycle allowing to negate the influence of 
occlusion). After normalizing the intermittent exercise inten-
sity by maximal force, lower force reduction and longer time 
to task failure was still found in females compared to males. 
However, this is not the only factor explaining the fatiga-
bility. Despite no sex differences in peak force, in power 
and shortening velocity of single fibers when normalized to 
muscle cell size (e.g. [141]), there is considerable evidence 
that females have a greater proportional area of type I fibers 
in several key muscles for locomotion and daily function 
[128]. Females also have greater capillarization [100] and 
lower glycolytic enzyme activity [142] when compared to 
males. Related to these important features, a better vasodila-
tory response to exercise has been reported for females. For 
example, vasodilatory responses of the femoral artery during 
dynamic knee extensor exercise were found to be greater in 

females than in males [143]. Overall, these results explain 
why females show attenuated impairments in contractile 
function compared to males [144], and are able to recover 
at a faster rate from repeated fatiguing exercise [145].

In addition to directly explaining the sex-related differ-
ence in fatigability at the muscle level, the attenuated meta-
bolic disturbance related to the greater proportional area of 
type I may also lead to attenuated afferent feedback (groups 
III and IV). This may induce less inhibitory inputs to the 
motoneuronal pool, and thereby less central fatigue. Indeed, 
greater levels of fatigue observed in males have been asso-
ciated with greater central deficits, but these studies were 
using maximal efforts and it is not known if this is also true 
for submaximal contractions [128].

In conclusion, as generally reported following single-joint 
fatiguing tasks, females appear less fatigued following trail 
and ultra-trail races. A greater proportion of type I muscle 
fibres and higher muscle capillarization (i.e. less muscle 
de-oxygenation) in females compared to males are possible 
explanations for lower fatigability in females, and could be 
of advantage for females over ultra-endurance running per-
formance (Fig. 1). Although the results obtained with the 
scale on “the competitive intention” of the runners must be 
treated with caution (i.e. the scale has not undergone a vali-
dation process), the fact that females (non-elite) have been 
showed to be less competition oriented than males could also 
at least partly explain sex differences in fatigability follow-
ing such trail running races.

4.3  Muscle Fiber Damage, Inflammation 
and Delayed‑Onset Muscle Soreness

Endurance running races induce metabolic stress and include 
thousands of ground impacts and subsequent eccentric mus-
cle actions that are likely to induce very focal and limited 
ultrastructural muscle damage. In the most severe case, less 
than 10% of the sarcomeres appeared damaged [146], which 
clearly differ from those induced by pure eccentric mus-
cle actions [147]. The subsequent ultrastructural recovery 
process involves oedema, remodelling/inflammation, and 
delayed-onset muscle soreness (DOMS) [148, 149]. The 
ultrastructural damage is expected to be less or even absent 
in trained runners [150, 151]. Importantly, (1) neither the 
degree nor the timing of exercise-induced muscle damage 
(EIMD) per se correlates well with the DOMS sensation 
[152, 153], and (2) the timing of DOMS disappearance 
usually occurs prior to complete structural and functional 
recoveries [149]. The only study that has directly addressed 
in humans (via muscle biopsies) the effect of sex on ultras-
tructural muscle damage and/or inflammation up to 6 days 
after an eccentric exercise reported no sex difference in 
muscle damage, yet an attenuated inflammatory response 
in females as compared to males [154]. In our own study 



of the sex differences after a graded 20-km running race 
[135], DOMS were recorded for the major lower limb mus-
cles. Independently of sex, DOMS was reported at day 2 for 
the quadriceps muscle group, but only in female runners for 
the hamstrings, suggesting that possible sex differences are 
muscle-group dependent. At day 4, despite the disappear-
ance of DOMS, males still had functional deficits in MVC 
and drop jump test. Female runners also had functional defi-
cits in DJ, but no longer reported DOMS and had already 
recovered in MVC.

Sorichter et al. [155] have summarized the literature on 
the identification, usefulness and limits of indirect mark-
ers of ultrastructural muscle damage widely used in males 
and females. Aside from DOMS, the most reported indi-
rect indicators include myoglobin (Mb) and lactate dehy-
drogenase (LDH) plasma levels as well as serum creatine 
kinase (CK) activity [156]. According to Goodman et al. 
[157], the increased serum levels of CK and Mb after an 
endurance run might result from free radical-induced cell 
membrane damage and/or transiently increased permeabil-
ity rather than from mechanical ultrastructural damage. Part 
of these perturbations are likely to decrease with training 
(e.g. Margaritis et al. [158]). However, owing to high inter-
individual variability none of these indirect markers accu-
rately reflect the magnitude of muscle damage. This appears 
clearly in the extremely large range of CK concentration 
values (1500–264,300 IU  L−1) reported among finishers of 
ultra-trail running events, but no differences between sexes 
have been reported [136, 159]. These methodological limits 
apply to the serum CK [160], which is still widely used as a 
marker of the sex difference in the exercise-induced muscle 
damage [161].

As reviewed by Enns and Tiidus [162], sex and oestrogen 
are reported as potentially attenuating indices of exercise-
induced skeletal muscle damage by influencing the inflam-
mation and repair processes. Although the underlying mech-
anisms are not yet fully elucidated in humans, oestrogens 
are thought to exert their protective effects by: (1) acting as 
an antioxidant, thus limiting oxidative damage; (2) acting 
as a membrane stabilizer by intercalating within membrane 
phospholipids; and (3) binding to oestrogen receptors, thus 
governing downstream muscle repair processes, including 
the activation and proliferation of muscle satellite cells. 
Supporting the oestrogen protective effect in runners, lower 
resting serum CK values are reported in female compared 
to male athletes [161] and in eumenorrheic compared to 
amenorrhoeic female athletes [163], whereas no sex effect 
was found in the peak values after a marathon [164] in mod-
erately trained runners. Illustrating the limitations of using 
indirect markers of muscle damage and inflammation, the 
downhill running study of Oosthuyse and Bosch [165] found 
that DOMS peaked after 24 h in males and females, but the 
time to disappearance of CK and DOMS then differed by 

sex. Compared with males, females showed earlier restora-
tion of the pre-run CK activity level (at 48 vs. 72 h) but 
longer-lasting DOMS (up to 72 vs. 48 h).

In conclusion, despite the lack of direct assessment of 
sex differences in the running-induced ultrastructural mus-
cle damage, the reported time-evolution of indirect markers 
of muscle inflammation (such as plasmatic CK activity and 
DOMS) during the recovery period suggest less damage or 
at least earlier structural recovery in female runners.

4.4  Change in Running Biomechanics and Economy 
with Fatigue

An altered RE has been repeatedly reported after prolonged 
road and trail exercises in male runners (e.g. [166–170]), 
but only a few studies have been conducted in trained or 
recreational female runners [133]. After a 2-h treadmill 
run session at a given relative intensity, Glace et al. [133] 
showed an increase in oxygen cost in male but not in female 
distance runners. In male athletes, the exacerbated increase 
in oxygen cost was related to their greater muscle fatigue 
characterized by the larger strength decrement of the knee 
extensors (see Sect. 4.1). To the best of our knowledge, only 
two other studies have examined sex differences with regard 
to RE change with fatigue, albeit with shorter running bouts. 
Similar changes in RE were found for males and females fol-
lowing (1) a 1-h run at marathon pace [171] and (2) a 5-km 
run at 80–85% of V̇O2max [172]. These three experiments 
were conducted on a treadmill in laboratory conditions. A 
recent study from our group reported an increase in RE fol-
lowing trail running races from 40 to 170 km; however, no 
significant sex difference were observed in the changes in 
RE measured on both flat (+ 3.1 vs. + 8.7% in females vs. 
males, respectively) and uphill (+ 1.4 vs. + 6.9% in females 
vs. males, respectively) conditions [137]. Further investiga-
tions are warranted to further examine sex differences in RE 
in the ecological context using models of prolonged road and 
trail run exercises.

While many studies have investigated sex differences 
in running biomechanics under acute conditions (see 
Sect. 2.2), the literature is very limited on sex differences in 
the alteration of running biomechanics following a fatigu-
ing task. Bazuelo-Ruiz et al. [41] reported a reduced ankle 
dorsiflexion angle at touchdown in females only after a 
succession of three consecutive tasks at high intensities 
(shuttle-run, running up and downstairs, and jumps), this 
parameter being associated with a decrease in loading rate 
and vertical impact peak force. These authors suggested a 
potential adaptative strategy to optimize shock attenuation 
and thus prevent running injuries. However, these results 
should be interpreted with caution since the fatiguing pro-
tocol was quite unusual. After a 110-km trail running race, 
Giandolini et al. [173] reported that males adopted a flatter 



pattern (i.e. a decreased foot/ground angle) and increased 
step frequency contrary to females, who landed with a more 
dorsiflexed ankle accentuating their rear-foot strike pat-
tern. Changes in males were considered as a compensatory 
adjustment to possibly greater decreased muscle capacity 
compared to females [173]. Although female adaptations to 
fatigue observed in the studies of Bazuelo-Ruiz et al. [41] 
and Giandolini et al. [173] seem to go in opposite directions 
(concerning the alteration of ankle angle with fatigue), the 
fatiguing tasks differed considerably between the two stud-
ies and could explain the discrepancies in the results. As 
also suggested by the sex-dependent DOMS sensations per 
muscle after a graded running race [135] (see Sect. 4.3), 
it appears that males and females adjust their running pat-
tern differently, which suggests sex-relative biomechanical 
adaptations. Under laboratory conditions, no sex differences 
were reported in running biomechanical parameters previ-
ously associated with the aetiology or exacerbation of patel-
lofemoral joint pain after a run on a treadmill at 3.5 m  s−1 
until reaching a RPE of 17 out of 20 [68]. These studies 
compared males and females following different modalities 
of exercise and under different methodological approaches. 
Further studies are needed to better investigate potential sex 
differences in biomechanical alterations following prolonged 
running exercise.

5  Other Factors Influencing Running 
Performance

5.1  Thermoregulation

Whether sex differences exist in thermoregulation was 
uncertain until recently [174], i.e. it was not known if 
thermoregulatory differences between males and females 
were due to sex per se or to other differences such as body 
size or aerobic fitness. Indeed, a correlation between V̇
O2max (lower in females) and the ability to maintain lower 
core temperatures during exercise in the heat has been 
found, potentially related to skin blood flow. Females 
may generate less heat in high ambient temperatures 
because of lower muscle mass and smaller body size but 
may be disadvantaged as their lower V̇O2max can result in 
faster increases in body temperature. Notley et al. [175] 
concluded that, contrary to popular belief, sex does not 
significantly impact exercise thermoregulation [175]. A 
review by Yanovich et al. [176] confirmed the lack of sex 
differences and concluded that females were not at greater 
risk of heat illness, provided the usual risk-management 
techniques are in place (pacing, clothing, hydration, accli-
mation). It has been reported that female athletes used 
more heat illness prevention strategies than male athletes 
[177]. It is noteworthy that the American College of Sports 

Medicine does not provide specific guidelines or strate-
gies for the female athlete. However, it has been argued 
that a sex difference in thermoregulation may depend on 
the percentage of humidity and exercise intensity [178]. 
Indeed, Shapiro et al. [179] found that core temperature 
increased less in females than in males for hot/humid envi-
ronments (due to larger surface area to body mass ratio and 
more efficient sweating suppression), whereas the opposite 
was true in hot/dry climates (due to lower overall sweat-
ing capacity in females despite a higher density of sweat 
glands). Although thermoregulatory responses vary over 
the cycle, Notley et al. [175] suggested that there was no 
additional thermoregulatory concern for female athletes 
if an oral contraceptive was used or at any phase of the 
menstrual cycle phase. It is not known if potential sex dif-
ferences exist in the time-course of acclimation.

It has also been suggested that performance was less 
affected by warm weather in females than in males during 
a 161-km ultra-marathon [180], although no sex difference 
was found in marathons. The opposite may actually be true 
since performance is more negatively affected for slower 
populations of runners on that distance [181]. Importantly, 
because of their smaller body size, lower heat generation, 
and less sweat loss (i.e. better efficiency in sweating that 
may decrease the total amount of so-called “wasted sweat-
ing” in a humid environment), the water intake required 
to maintain hydration and thermal balance is attenuated in 
females. Since hydration guidelines have been developed 
using data mainly collected in studies with males, they 
should be interpreted with caution when applied to females 
[176]. This is particularly important in ultra-endurance 
exercises since over-hydration may induce gastro-intestinal 
distress.

5.2  Pacing

Several studies, including a large study with data from 14 
US marathons encompassing ~ 92,000 performances [182], 
have shown that females tend to have a more even pacing 
strategy in marathon races [183]. A similar finding has been 
found in half-marathons [184], 10-km races (at least in fast 
runners [185]) or even shorter races such as 5-km cross-
country race when males and females have similar relative 
performance [186]. It has been suggested that sex difference 
in pacing partly reflects a sex difference in decision making 
[185] rather than greater susceptibility to glycogen depletion
[186]. Interestingly, the sex differences in pacing were also
found to be true for top runners. A study collected finishing
and split times in 673 males and 549 females across nine
Olympic and World Championship marathons and found that
females slowed less and were more likely to run a negative
split than males [187]. In addition, in a study from Trubee
et al. [188], the more even pacing strategy in females was



found to be an even greater advantage during warm weather 
conditions.

The number of studies on sex differences in pacing strat-
egy related to ultramarathon is low and there is no clear 
consistency among the results. Indeed, females showed 
lower relative starting speeds and higher finishing speeds 
than males on a 100-km race [189], yet no sex differences 
in pacing strategy [190] or even better preservation of mean 
speed throughout the race have been found in males [191] 
on 24-h races. It has been advised that, given the possibility 
of a “herd principle”, comparison of competition dynamics 
between sexes must be further explored in ultra-marathon.

The level of performance and age may be confounding 
factors in pacing strategies although, again, the results are 
not that clear. As stated in the present section, sex differences 
in pacing on 10-k races were mostly found in good runners 
[185], whereas they occurred across all finishing time groups 
in the marathon [182]. Deaner et al. [182] also showed that 
sex differences in pacing occurred across age groups. On 
the contrary, it has been found that females showed no dif-
ferences in pace variability across ages, whereas younger 
(< 30 years) and older (> 60 years) males showed a greater 
variability in pacing than other age groups [192].

6  Conclusion

Through this narrative review, we have identified a num-
ber of sex differences in running related to biomechanical, 
physiological and NM aspects, some of which potentially 
play a role in endurance running performance (Fig. 1). In 
particular, the current literature reports that females show (1) 
greater hip and knee joint motion in non-sagittal planes and 
(2) greater lower limb muscle activation, compared to their
male counterparts at a given absolute speed. However, most
of these sex differences disappear when normalized either by
maximal aerobic velocity or anthropometry. Despite those
sex differences in running biomechanics, males and females
do not differ in terms of RE, suggesting that both sexes opti-
mize their running pattern to adjust to their characteristics.
During prolonged exercise, females use more fatty acids
than males, which allows them to save carbohydrates. In
addition, attenuated NM fatigue, particularly less periph-
eral impairments on plantar flexor muscles, is observed in
females compared to males following endurance and ultra-
endurance running bouts. The fact that oestrogen seems to
have some protective effects may indicate that females could
be less prone to damage induced by repetitive eccentric
muscle actions. Yet these differences do not allow females
to outrun males in endurance and ultra-endurance running
exercises. It is also still not clear whether prolonged running
affects males and females differently in terms of running

biomechanics and economy. Sex differences in a fatigued 
condition are a clearly under-investigated research area and 
further direct physiological and biomechanical comparisons 
between males and females following prolonged running are 
warranted. Considering that females used different pacing 
(i.e. more even) strategies than males, other psychological 
and/or sociological parameters that could affect performance 
or help to understand sex differences in running participation 
also need to be explored.

Acknowledgements The authors sincerely thank Callum Brownstein 
for English editing.

Declarations 

Author contributions TB, RM, CN, FV and GYM drafted the manu-
script; JR, CM and YK provided additional comments and contribu-
tions; all authors approved the final version.

Funding No sources of funding were used to assist in the preparation 
of this article.

Conflict of interest Thibault Besson, Robin Macchi, Jérémy Rossi, 
Cédric Morio, Yoko Kunimasa, Caroline Nicol, Fabrice Vercruyssen 
and Guillaume Millet declare that they have no conflicts of interest 
relevant to the content of this review.

References

1. Hafstad AD, Boardman N, Lund J, Hagve M, Wisloff U, Larsen
TS, et al. Exercise-induced increase in cardiac efficiency: the
impact of intensity. Circulation. 2009;120(18):S880.

2. Hespanhol Junior LC, Pillay JD, van Mechelen W, Ver-
hagen E. Meta-analyses of the effects of habitual run-
ning on indices of health in physically inactive adults.
Sports Med. 2015;45(10):1455–68. https:// doi. org/ 10. 1007/ 
s40279- 015- 0359-y.

3. van Mechelen W. Running injuries. A review of the epidemio-
logical literature. Sports Med. 1992;14(5):320–35.

4. Hanold MT. Beyond the marathon: (De) construction of female
ultrarunning bodies. Sociol Sport J. 2010;27(2):160–77.

5. Costello JT, Bieuzen F, Bleakley CM. Where are all the female
participants in sports and exercise medicine research? Eur J Sport
Sci. 2014;14(8):847–51.

6. Nuzzo J. Volunteer bias and female participation in exercise and
sports science research. Quest. 2021;73(1):82–101.

7. Hoffman MD. Performance trends in 161-km ultramarathons. Int 
J Sports Med. 2010;31(1):31–7. https:// doi. org/ 10. 1055/s- 0029- 
12395 61.

8. Whipp BJ, Ward SA. Will women soon outrun men? Nature.
1992;355(6355):25. https:// doi. org/ 10. 1038/ 35502 5a0.

9. Tatem AJ, Guerra CA, Atkinson PM, Hay SI. Athletics: momen-
tous sprint at the 2156 Olympics? Nature. 2004;431(7008):525.
https:// doi. org/ 10. 1038/ 43152 5a.

10. Ochert A. Could women take a lead over men in the long run?
Nature. 1996;382(6586):15–6. https:// doi. org/ 10. 1038/ 38201 5a0.

11. Bam J, Noakes TD, Juritz J, Dennis SC. Could women out-
run men in ultramarathon races? Med Sci Sports Exerc.

https://doi.org/10.1007/s40279-015-0359-y
https://doi.org/10.1007/s40279-015-0359-y
https://doi.org/10.1055/s-0029-1239561
https://doi.org/10.1055/s-0029-1239561
https://doi.org/10.1038/355025a0
https://doi.org/10.1038/431525a
https://doi.org/10.1038/382015a0


1997;29(2):244–7. https:// doi. org/ 10. 1097/ 00005 768- 19970 
2000- 00013.

12. Speechly DP, Taylor SR, Rogers GG. Differences in ultra-endur-
ance exercise in performance-matched male and female runners. 
Med Sci Sports Exerc. 1996;28(3):359–65.

13. Cheuvront SN, Carter R, Deruisseau KC, Moffatt RJ. Running
performance differences between men and women: an update.
Sports Med (Auckland, NZ). 2005;35(12):1017–24. https:// doi. 
org/ 10. 2165/ 00007 256- 20053 5120- 00002.

14. Coast JR, Blevins JS, Wilson BA. Do gender differences in run-
ning performance disappear with distance? Can J Appl Physiol.
2004;29(2):139–45.

15. Lepers R, Cattagni T. Do older athletes reach limits in
their performance during marathon running? Age (Dordr).
2012;34(3):773–81. https:// doi. org/ 10. 1007/ s11357- 011- 9271-z.

16. Knechtle B, Rust CA, Rosemann T, Lepers R. Age-related
changes in 100-km ultra-marathon running performance.
Age (Dordr). 2012;34(4):1033–45. https:// doi. org/ 10. 1007/ 
s11357- 011- 9290-9.

17. da Fonseca-Engelhardt K, Knechtle B, Rust CA, Knech-
tle P, Lepers R, Rosemann T. Participation and performance
trends in ultra-endurance running races under extreme condi-
tions—’Spartathlon’ versus “Badwater.” Extrem Physiol Med.
2013;2(1):15. https:// doi. org/ 10. 1186/ 2046- 7648-2- 15.

18. Peter L, Rust CA, Knechtle B, Rosemann T, Lepers R. Sex
differences in 24-hour ultra-marathon performance—a retro-
spective data analysis from 1977 to 2012. Clinics (Sao Paulo).
2014;69(1):38–46. https:// doi. org/ 10. 6061/ clini cs/ 2014(01) 06.

19. Tiller NB, Elliott-Sale KJ, Knechtle B, Wilson PB, Roberts JD,
Millet GY. Do sex differences in physiology confer a female
advantage in ultra-endurance sport? Sports Med. 2021. https://
doi. org/ 10. 1007/ s40279- 020- 01417-2.

20. Bassett DR, Howley ET. Limiting factors for maximum oxygen
uptake and determinants of endurance performance. Med Sci
Sports Exerc. 2000;32(1):70–84. https:// doi. org/ 10. 1097/ 00005 
768- 20000 1000- 00012.

21. McLaughlin JE, Howley ET, Bassett DR, Thompson DL,
Fitzhugh EC. Test of the classic model for predicting endurance
running performance. Med Sci Sports Exerc. 2010;42(5):991–7. 
https:// doi. org/ 10. 1249/ MSS. 0b013 e3181 c0669d.

22. Davies CT, Thompson MW. Aerobic performance of female
marathon and male ultramarathon athletes. Eur J Appl Physiol
Occup Physiol. 1979;41(4):233–45.

23. Helgerud J. Maximal oxygen uptake, anaerobic threshold and
running economy in women and men with similar perfor-
mances level in marathons. Eur J Appl Physiol Occup Physiol.
1994;68(2):155–61. https:// doi. org/ 10. 1007/ BF002 44029.

24. Helgerud J, Ingjer F, Stromme SB. Sex differences in perfor-
mance-matched marathon runners. Eur J Appl Physiol Occup
Physiol. 1990;61(5–6):433–9.

25. Maughan RJ, Leiper JB. Aerobic capacity and fractional uti-
lisation of aerobic capacity in elite and non-elite male and
female marathon runners. Eur J Appl Physiol Occup Physiol.
1983;52(1):80–7. https:// doi. org/ 10. 1007/ BF004 29030.

26. Sparling PB, Cureton KJ. Biological determinants of the sex
difference in 12-min run performance. Med Sci Sports Exerc.
1983;15(3):218–23.

27. Calbet JA, Joyner MJ. Disparity in regional and systemic circula-
tory capacities: do they affect the regulation of the circulation?
Acta Physiol (Oxf). 2010;199(4):393–406. https:// doi. org/ 10. 
1111/j. 1748- 1716. 2010. 02125.x.

28. Carter SL, Rennie C, Tarnopolsky MA. Substrate utilization dur-
ing endurance exercise in men and women after endurance train-
ing. Am J Physiol Endocrinol Metab. 2001;280(6):E898-907.
https:// doi. org/ 10. 1152/ ajpen do. 2001. 280.6. E898.

29. Phillips SM, Atkinson SA, Tarnopolsky MA, MacDougall JD.
Gender differences in leucine kinetics and nitrogen balance in
endurance athletes. J Appl Physiol (1985). 1993;75(5):2134–41. 
https:// doi. org/ 10. 1152/ jappl. 1993. 75.5. 2134.

30. McKenzie S, Phillips SM, Carter SL, Lowther S, Gibala MJ,
Tarnopolsky MA. Endurance exercise training attenuates leucine
oxidation and BCOAD activation during exercise in humans. Am 
J Physiol Endocrinol Metab. 2000;278(4):E580–7. https:// doi. 
org/ 10. 1152/ ajpen do. 2000. 278.4. E580.

31. Cureton KJ. Matching of male and female subjects using VO2max.
Res Q Exerc Sport. 1981;52(2):264–8. https:// doi. org/ 10. 1080/
02701 367. 1981. 10607 865.

32. Sparling PB. A meta-analysis of studies comparing maxi-
mal oxygen uptake in men and women. Res Q Exerc Sport.
1980;51(3):542–52. https:// doi. org/ 10. 1080/ 02701 367. 1980. 
10608 077.

33. Joyner MJ. Physiological limits to endurance exercise perfor-
mance: influence of sex. J Physiol. 2017;595(9):2949–54.

34. Cureton K, Bishop P, Hutchinson P, Newland H, Vickery S,
Zwiren L. Sex difference in maximal oxygen uptake. Effect of
equating haemoglobin concentration. Eur J Appl Physiol Occup 
Physiol. 1986;54(6):656–60. https:// doi. org/ 10. 1007/ BF009 
43356.

35. Garcia-Pinillos F, Jerez-Mayorga D, Latorre-Roman PA, Ram-
irez-Campillo R, Sanz-Lopez F, Roche-Seruendo LE. How do
amateur endurance runners alter spatiotemporal parameters
and step variability as running velocity increases? A sex com-
parison. J Hum Kinet. 2020;72:39–49. https:// doi. org/ 10. 2478/ 
hukin- 2019- 0098.

36. Nelson RC, Brooks CM, Pike NL. Biomechanical compari-
son of male and female distance runners. Ann NY Acad Sci.
1977;301:793–807. https:// doi. org/ 10. 1111/j. 1749- 6632. 1977. 
tb382 47.x.

37. Roche-Seruendo L, Latorre-Román P, Soto-Hermoso V,
García-Pinillos F. Do sex and body structure influence spati-
otemporal step characteristics in endurance runners? Sci Sports. 
2019;34(6):412.e1-412.e9.

38. Takabayashi T, Edama M, Nakamura M, Nakamura E, Inai T,
Kubo M. Gender differences associated with rearfoot, mid-
foot, and forefoot kinematics during running. Eur J Sport Sci.
2017;17(10):1289–96. https:// doi. org/ 10. 1080/ 17461 391. 2017.
13825 78.

39. Schache AG, Blanch P, Rath D, Wrigley T, Bennell K. Differ-
ences between the sexes in the three-dimensional angular rota-
tions of the lumbo-pelvic-hip complex during treadmill running. 
J Sports Sci. 2003;21(2):105–18. https:// doi. org/ 10. 1080/ 02640 
41031 00007 0859.

40. Almonroeder TG, Benson LC. Sex differences in lower extrem-
ity kinematics and patellofemoral kinetics during running. J
Sports Sci. 2017;35(16):1575–81. https:// doi. org/ 10. 1080/ 
02640 414. 2016. 12259 72.

41. Bazuelo-Ruiz B, Durá-Gil JV, Palomares N, Medina E, Llana-
Belloch S. Effect of fatigue and gender on kinematics and
ground reaction forces variables in recreational runners. PeerJ.
2018;6:e4489. https:// doi. org/ 10. 7717/ peerj. 4489.

42. Chumanov ES, Wall-Scheffler C, Heiderscheit BC. Gender dif-
ferences in walking and running on level and inclined surfaces. 
Clin Biomech (Bristol, Avon). 2008;23(10):1260–8. https://
doi. org/ 10. 1016/j. clinb iomech. 2008. 07. 011.

43. Ferber R, Davis IM, Williams DS 3rd. Gender differences
in lower extremity mechanics during running. Clin Biomech
(Bristol, Avon). 2003;18(4):350–7.

44. Gehring D, Mornieux G, Fleischmann J, Gollhofer A. Knee and
hip joint biomechanics are gender-specific in runners with high 
running mileage. Int J Sports Med. 2014;35(2):153–8. https://
doi. org/ 10. 1055/s- 0033- 13434 06.

https://doi.org/10.1097/00005768-199702000-00013
https://doi.org/10.1097/00005768-199702000-00013
https://doi.org/10.2165/00007256-200535120-00002
https://doi.org/10.2165/00007256-200535120-00002
https://doi.org/10.1007/s11357-011-9271-z
https://doi.org/10.1007/s11357-011-9290-9
https://doi.org/10.1007/s11357-011-9290-9
https://doi.org/10.1186/2046-7648-2-15
https://doi.org/10.6061/clinics/2014(01)06
https://doi.org/10.1007/s40279-020-01417-2
https://doi.org/10.1007/s40279-020-01417-2
https://doi.org/10.1097/00005768-200001000-00012
https://doi.org/10.1097/00005768-200001000-00012
https://doi.org/10.1249/MSS.0b013e3181c0669d
https://doi.org/10.1007/BF00244029
https://doi.org/10.1007/BF00429030
https://doi.org/10.1111/j.1748-1716.2010.02125.x
https://doi.org/10.1111/j.1748-1716.2010.02125.x
https://doi.org/10.1152/ajpendo.2001.280.6.E898
https://doi.org/10.1152/jappl.1993.75.5.2134
https://doi.org/10.1152/ajpendo.2000.278.4.E580
https://doi.org/10.1152/ajpendo.2000.278.4.E580
https://doi.org/10.1080/02701367.1981.10607865
https://doi.org/10.1080/02701367.1981.10607865
https://doi.org/10.1080/02701367.1980.10608077
https://doi.org/10.1080/02701367.1980.10608077
https://doi.org/10.1007/BF00943356
https://doi.org/10.1007/BF00943356
https://doi.org/10.2478/hukin-2019-0098
https://doi.org/10.2478/hukin-2019-0098
https://doi.org/10.1111/j.1749-6632.1977.tb38247.x
https://doi.org/10.1111/j.1749-6632.1977.tb38247.x
https://doi.org/10.1080/17461391.2017.1382578
https://doi.org/10.1080/17461391.2017.1382578
https://doi.org/10.1080/0264041031000070859
https://doi.org/10.1080/0264041031000070859
https://doi.org/10.1080/02640414.2016.1225972
https://doi.org/10.1080/02640414.2016.1225972
https://doi.org/10.7717/peerj.4489
https://doi.org/10.1016/j.clinbiomech.2008.07.011
https://doi.org/10.1016/j.clinbiomech.2008.07.011
https://doi.org/10.1055/s-0033-1343406
https://doi.org/10.1055/s-0033-1343406


45. Hannigan JJ, Osternig LR, Chou L-S. Sex-specific relation-
ships between hip strength and hip, pelvis, and trunk kinemat-
ics in healthy runners. J Appl Biomech. 2018;34(1):76–81.

46. Malinzak RA, Colby SM, Kirkendall DT, Yu B, Garrett WE.
A comparison of knee joint motion patterns between men
and women in selected athletic tasks. Clin Biomech (Bristol,
Avon). 2001;16(5):438–45. https:// doi. org/ 10. 1016/ s0268- 
0033(01) 00019-5.

47. Nigg BM, Baltich J, Maurer C, Federolf P. Shoe midsole hard-
ness, sex and age effects on lower extremity kinematics dur-
ing running. J Biomech. 2012;45(9):1692–7. https:// doi. org/ 
10. 1016/j. jbiom ech. 2012. 03. 027.

48. Phinyomark A, Hettinga BA, Osis ST, Ferber R. Gender and
age-related differences in bilateral lower extremity mechan-
ics during treadmill running. PLoS ONE. 2014;9(8): e105246.
https:// doi. org/ 10. 1371/ journ al. pone. 01052 46.

49. Sakaguchi M, Ogawa H, Shimizu N, Kanehisa H, Yanai T,
Kawakami Y. Gender differences in hip and ankle joint kin-
ematics on knee abduction during running. Eur J Sport Sci.
2014;14(Suppl 1):S302–9. https:// doi. org/ 10. 1080/ 17461 391. 
2012. 693953.

50. Sinclair J, Greenhalgh A, Edmundson CJ, Brooks D, Hobbs SJ. 
Gender differences in the kinetics and kinematics of distance
running: implications for footwear design. Int J Sports Sci Eng. 
2012;6(2):118–28.

51. Willson JD, Petrowitz I, Butler RJ, Kernozek TW. Male
and female gluteal muscle activity and lower extremity kin-
ematics during running. Clin Biomech (Bristol, Avon).
2012;27(10):1052–7. https:// doi. org/ 10. 1016/j. clinb iomech. 
2012. 08. 008.

52. Hale R. Factors important to women engaged in vigorous
physical activity. Sports medicine. Philadelphia: WB Saunders; 
1984. p. 250–69.

53. Leetun DT, Ireland ML, Willson JD, Ballantyne BT, Davis
IM. Core stability measures as risk factors for lower extremity
injury in athletes. Med Sci Sports Exerc. 2004;36(6):926–34.

54. Hungerford DS, Barry M. Biomechanics of the patellofemoral
joint. Clin Orthop Relat Res. 1979;144:9–15.

55. Sinclair J, Taylor PJ. Sex differences in tibiocalcaneal kinemat-
ics. Hum Mov. 2014;15(2):105–9.

56. von Tscharner V, Goepfert B. Gender dependent EMGs of run-
ners resolved by time/frequency and principal pattern analysis.
J Electromyogr Kinesiol. 2003;13(3):253–72.

57. DeMont RG, Lephart SM. Effect of sex on preactivation of
the gastrocnemius and hamstring muscles. Br J Sports Med.
2004;38(2):120–4. https:// doi. org/ 10. 1136/ bjsm. 2002. 000195.

58. Baur H, Hirschmuller A, Cassel M, Muller S, Mayer F. Gender-
specific neuromuscular activity of the M. peroneus longus in
healthy runners—a descriptive laboratory study. Clin Biomech
Bristol Avon. 2010;25(9):938–43. https:// doi. org/ 10. 1016/j. clinb 
iomech. 2010. 06. 009.

59. Santuz A, Janshen L, Bruell L, Munoz-Martel V, Taborri J, Rossi 
S, et al. Sex-specific tuning of modular muscle activation patterns 
for locomotion in young and older adults. bioRxiv. 2021.

60. Isherwood J, Wang H, Sterzing T. Running biomechanics and
running shoe perception of Chinese men and women. Footwear
Sci. 2021;13(1):55–67.

61. McGhee DE, Steele JR. Biomechanics of breast support for
active women. Exerc Sport Sci Rev. 2020;48(3):99–109. https://
doi. org/ 10. 1249/ JES. 00000 00000 000221.

62. Brown N, Scurr J. Do women with smaller breasts perform better
in long-distance running? Eur J Sport Sci. 2016;16(8):965–71.

63. Keller TS, Weisberger A, Ray J, Hasan S, Shiavi R, Spengler D. 
Relationship between vertical ground reaction force and speed
during walking, slow jogging, and running. Clin Biomech (Bris-
tol, Avon). 1996;11(5):253–9.

64. Taunton JE, Ryan MB, Clement DB, McKenzie DC, Lloyd-Smith 
DR, Zumbo BD. A retrospective case-control analysis of 2002
running injuries. Br J Sports Med. 2002;36(2):95–101.

65. Glaviano NR, Kew M, Hart JM, Saliba S. Demographic and
epidemiological trends in patellofemoral pain. Int J Sports Phys
Ther. 2015;10(3):281–90.

66. Boling M, Padua D, Marshall S, Guskiewicz K, Pyne S,
Beutler A. Gender differences in the incidence and prevalence
of patellofemoral pain syndrome. Scand J Med Sci Sports.
2010;20(5):725–30. https:// doi. org/ 10. 1111/j. 1600- 0838. 2009.
00996.x.

67. Sinclair J, Selfe J. Sex differences in knee loading in recrea-
tional runners. J Biomech. 2015;48(10):2171–5. https:// doi. org/ 
10. 1016/j. jbiom ech. 2015. 05. 016.

68. Willson JD, Loss JR, Willy RW, Meardon SA. Sex differences in 
running mechanics and patellofemoral joint kinetics following an
exhaustive run. J Biomech. 2015;48(15):4155–9. https:// doi. org/ 
10. 1016/j. jbiom ech. 2015. 10. 021.

69. Arampatzis A, Monte GD, Karamanidis K, Morey-Klapsing G,
Stafilidis S, Brüggemann G-P. Influence of the muscle-tendon
unit’s mechanical and morphological properties on running econ-
omy. J Exp Biol. 2006;209(17):3345–57. https:// doi. org/ 10. 1242/ 
jeb. 02340.

70. Kubo K, Miyazaki D, Shimoju S, Tsunoda N. Relation-
ship between elastic properties of tendon structures and
performance in long distance runners. Eur J Appl Physiol.
2015;115(8):1725–33.

71. Kubo K, Tabata T, Ikebukuro T, Igarashi K, Yata H, Tsu-
noda N. Effects of mechanical properties of muscle and ten-
don on performance in long distance runners. Eur J Appl
Physiol. 2010;110(3):507–14. https:// doi. org/ 10. 1007/ 
s00421- 010- 1528-1.

72. Fletcher JR, MacIntosh BR. Changes in Achilles tendon stiffness 
and energy cost following a prolonged run in trained distance
runners. PLoS ONE. 2018;13(8):e0202026. https:// doi. org/ 10. 
1371/ journ al. pone. 02020 26.

73. Fletcher JR, Pfister TR, Macintosh BR. Energy cost of running
and Achilles tendon stiffness in man and woman trained run-
ners. Physiol Rep. 2013;1(7):e00178. https:// doi. org/ 10. 1002/ 
phy2. 178.

74. Hansen M. Female hormones: do they influence muscle and ten-
don protein metabolism? Proc Nutr Soc. 2018;77(1):32–41.

75. Westh E, Kongsgaard M, Bojsen-Moller J, Aagaard P, Hansen
M, Kjaer M, et al. Effect of habitual exercise on the structural
and mechanical properties of human tendon, in vivo, in men and
women. Scand J Med Sci Sports. 2008;18(1):23–30.

76. Sano K, Nicol C, Akiyama M, Kunimasa Y, Oda T, Ito A,
et al. Can measures of muscle–tendon interaction improve our
understanding of the superiority of Kenyan endurance runners? 
Eur J Appl Physiol. 2015;115(4):849–59.

77. Lee H, Petrofsky JS, Laymon M, Yim J. A greater reduction
of anterior cruciate ligament elasticity in women compared to
men as a result of delayed onset muscle soreness. Tohoku J
Exp Med. 2013;231(2):111–5.

78. Shultz SJ, Sander T, Kirk S, Perrin D. Sex differences in knee
joint laxity change across the female menstrual cycle. J Sports
Med Phys Fit. 2005;45(4):594.

79. Balachandar V, Marciniak JL, Wall O, Balachandar C. Effects
of the menstrual cycle on lower-limb biomechanics, neuromus-
cular control, and anterior cruciate ligament injury risk: a sys-
tematic review. Muscles Ligaments Tendons J. 2017;7(1):136–
46. https:// doi. org/ 10. 11138/ mltj/ 2017.7. 1. 136.

80. Khowailed IA, Petrofsky J, Lohman E, Daher N, Mohamed
O. 17beta-estradiol induced effects on anterior cruciate liga-
ment laxness and neuromuscular activation patterns in female

https://doi.org/10.1016/s0268-0033(01)00019-5
https://doi.org/10.1016/s0268-0033(01)00019-5
https://doi.org/10.1016/j.jbiomech.2012.03.027
https://doi.org/10.1016/j.jbiomech.2012.03.027
https://doi.org/10.1371/journal.pone.0105246
https://doi.org/10.1080/17461391.2012.693953
https://doi.org/10.1080/17461391.2012.693953
https://doi.org/10.1016/j.clinbiomech.2012.08.008
https://doi.org/10.1016/j.clinbiomech.2012.08.008
https://doi.org/10.1136/bjsm.2002.000195
https://doi.org/10.1016/j.clinbiomech.2010.06.009
https://doi.org/10.1016/j.clinbiomech.2010.06.009
https://doi.org/10.1249/JES.0000000000000221
https://doi.org/10.1249/JES.0000000000000221
https://doi.org/10.1111/j.1600-0838.2009.00996.x
https://doi.org/10.1111/j.1600-0838.2009.00996.x
https://doi.org/10.1016/j.jbiomech.2015.05.016
https://doi.org/10.1016/j.jbiomech.2015.05.016
https://doi.org/10.1016/j.jbiomech.2015.10.021
https://doi.org/10.1016/j.jbiomech.2015.10.021
https://doi.org/10.1242/jeb.02340
https://doi.org/10.1242/jeb.02340
https://doi.org/10.1007/s00421-010-1528-1
https://doi.org/10.1007/s00421-010-1528-1
https://doi.org/10.1371/journal.pone.0202026
https://doi.org/10.1371/journal.pone.0202026
https://doi.org/10.1002/phy2.178
https://doi.org/10.1002/phy2.178
https://doi.org/10.11138/mltj/2017.7.1.136


runners. J Womens Health (Larchmt). 2015;24(8):670–80. 
https:// doi. org/ 10. 1089/ jwh. 2014. 5184.

81. Boisseau N, Duclos M, Guinot M. La femme sportive. Sciences 
et pratiques du sport. 2009.

82. Isacco L, Boisseau N. Sex hormones and substrate metabo-
lism during endurance exercise. In: Hackney AC, editor. Sex
hormones, exercise and women: scientific and clinical aspects.
Cham: Springer International Publishing; 2017. p. 35–58.

83. Lundsgaard A-M, Kiens B. Gender differences in skeletal mus-
cle substrate metabolism—molecular mechanisms and insulin
sensitivity. Front Endocrinol. 2014;5:195. https:// doi. org/ 10. 
3389/ fendo. 2014. 00195.

84. Tarnopolsky LJ, MacDougall JD, Atkinson SA, Tarnopolsky
MA, Sutton JR. Gender differences in substrate for endurance
exercise. J Appl Physiol (1985). 1990;68(1):302–8. https:// doi. 
org/ 10. 1152/ jappl. 1990. 68.1. 302.

85. Tarnopolsky MA. Gender differences in substrate metab-
olism during endurance exercise. Can J Appl Physiol.
2000;25(4):312–27. https:// doi. org/ 10. 1139/ h00- 024.

86. Tarnopolsky MA. Sex differences in exercise metabolism
and the role of 17-beta estradiol. Med Sci Sports Exerc.
2008;40(4):648–54. https:// doi. org/ 10. 1249/ MSS. 0b013 e3181 
6212ff.

87. Venables MC, Achten J, Jeukendrup AE. Determinants of fat
oxidation during exercise in healthy men and women: a cross-
sectional study. J Appl Physiol (1985). 2005;98(1):160–7. https://
doi. org/ 10. 1152/ jappl physi ol. 00662. 2003.

88. Lamont LS, McCullough AJ, Kalhan SC. Gender differences
in leucine, but not lysine, kinetics. J Appl Physiol (1985).
2001;91(1):357–62. https:// doi. org/ 10. 1152/ jappl. 2001. 91.1. 357.

89. Lamont LS, McCullough AJ, Kalhan SC. Gender differences in
the regulation of amino acid metabolism. J Appl Physiol (1985). 
2003;95(3):1259–65. https:// doi. org/ 10. 1152/ jappl physi ol. 01028. 
2002.

90. van Gent RN, Siem D, van Middelkoop M, van Os AG, Bierma-
Zeinstra SMA, Koes BW. Incidence and determinants of lower
extremity running injuries in long distance runners: a systematic 
review. Br J Sports Med. 2007;41(8):469–80. https:// doi. org/ 10. 
1136/ bjsm. 2006. 033548 (discussion 80).

91. Constantini NW, Dubnov G, Lebrun CM. The menstrual cycle
and sport performance. Clin Sports Med. 2005;24(2):e51-82.
https:// doi. org/ 10. 1016/j. csm. 2005. 01. 003 (xiii–xiv).

92. D’Eon TM, Sharoff C, Chipkin SR, Grow D, Ruby BC, Braun
B. Regulation of exercise carbohydrate metabolism by estrogen
and progesterone in women. Am J Physiol Endocrinol Metab.
2002;283(5):E1046–55. https:// doi. org/ 10. 1152/ ajpen do. 00271. 
2002.

93. Ruby BC, Robergs RA, Waters DL, Burge M, Mermier C,
Stolarczyk L. Effects of estradiol on substrate turnover dur-
ing exercise in amenorrheic females. Med Sci Sports Exerc.
1997;29(9):1160–9. https:// doi. org/ 10. 1097/ 00005 768- 19970 
9000- 00007.

94. Hackney AC, McCracken-Compton MA, Ainsworth B. Sub-
strate responses to submaximal exercise in the midfollicular and 
midluteal phases of the menstrual cycle. Int J Sport Nutr Exerc
Metab. 1994;4(3):299–308. https:// doi. org/ 10. 1123/ ijsn.4. 3. 299.

95. Hackney AC, Muoio D, Meyer WR. The Effect of sex steroid
hormones on substrate oxidation during prolonged submaximal
exercise in women. Jpn J Physiol. 2000;50(5):489–94. https://
doi. org/ 10. 2170/ jjphy siol. 50. 489.

96. Kanaley JA, Boileau RA, Bahr JA, Misner JE, Nelson RA.
Substrate oxidation and GH responses to exercise are inde-
pendent of menstrual phase and status. Med Sci Sports Exerc.
1992;24(8):873–80.

97. Tarnopolsky MA, Rennie CD, Robertshaw HA, Fedak-Tarnop-
olsky SN, Devries MC, Hamadeh MJ. Influence of endurance

exercise training and sex on intramyocellular lipid and mito-
chondrial ultrastructure, substrate use, and mitochondrial 
enzyme activity. Am J Physiol Regul Integr Comp Physiol. 
2007;292(3):R1271–8. https:// doi. org/ 10. 1152/ ajpre gu. 00472. 
2006.

98. Fisher G, Windham ST, Griffin P, Warren JL, Gower BA,
Hunter GR. Associations of human skeletal muscle fiber
type and insulin sensitivity, blood lipids, and vascular hemo-
dynamics in a cohort of premenopausal women. Eur J Appl
Physiol. 2017;117(7):1413–22. https:// doi. org/ 10. 1007/ 
s00421- 017- 3634-9.

99. Essén B, Jansson E, Henriksson J, Taylor AW, Saltin B. Meta-
bolic characteristics of fibre types in human skeletal muscle. Acta 
Physiol Scand. 1975;95(2):153–65. https:// doi. org/ 10. 1111/j. 
1748- 1716. 1975. tb100 38.x.

 100. Roepstorff C, Donsmark M, Thiele M, Vistisen B, Stewart G,
Vissing K, et al. Sex differences in hormone-sensitive lipase
expression, activity, and phosphorylation in skeletal muscle
at rest and during exercise. Am J Physiol Endocrinol Metab.
2006;291(5):E1106–14. https:// doi. org/ 10. 1152/ ajpen do. 00097. 
2006.

 101. Roepstorff C, Steffensen CH, Madsen M, Stallknecht B, Kanstrup
I-L, Richter EA, et al. Gender differences in substrate utilization 
during submaximal exercise in endurance-trained subjects. Am
J Physiol Endocrinol Metab. 2002;282(2):E435–47. https:// doi. 
org/ 10. 1152/ ajpen do. 00266. 2001.

 102. Steffensen CH, Roepstorff C, Madsen M, Kiens B. Myocellular
triacylglycerol breakdown in females but not in males during
exercise. Am J Physiol Endocrinol Metab. 2002;282(3):E634–42. 
https:// doi. org/ 10. 1152/ ajpen do. 00078. 2001.

 103. Fletcher JR, MacIntosh BR. Running economy from a muscle
energetics perspective. Front Physiol. 2017;2017:8. https:// doi. 
org/ 10. 3389/ fphys. 2017. 00433.

 104. Moore IS. Is there an economical running technique? A review
of modifiable biomechanical factors affecting running economy. 
Sports Med. 2016;46(6):793–807. https:// doi. org/ 10. 1007/ 
s40279- 016- 0474-4.

 105. Fletcher JR, Esau SP, MacIntosh BR. Economy of running:
beyond the measurement of oxygen uptake. J Appl Physiol
(1985). 2009;107(6):1918–22. https:// doi. org/ 10. 1152/ jappl physi 
ol. 00307. 2009.

 106. Vernillo G, Millet GP, Millet GY. Does the running economy
really increase after ultra-marathons? Front Physiol. 2017.
https:// doi. org/ 10. 3389/ fphys. 2017. 00783.

 107. Romijn JA, Coyle EF, Sidossis LS, Rosenblatt J, Wolfe RR. Sub-
strate metabolism during different exercise intensities in endur-
ance-trained women. J Appl Physiol (1985). 2000;88(5):1707–
14. https:// doi. org/ 10. 1152/ jappl. 2000. 88.5. 1707.

 108. Barnes KR, Mcguigan MR, Kilding AE. Lower-body determi-
nants of running economy in male and female distance runners.
J Strength Cond Res. 2014;28(5):1289–97. https:// doi. org/ 10. 
1519/ JSC. 00000 00000 000267.

 109. Black MI, Handsaker JC, Allen SJ, Forrester SE, Folland JP.
Is there an optimal speed for economical running? Int J Sports
Physiol Perform. 2018;13(1):75–81. https:// doi. org/ 10. 1123/ 
ijspp. 2017- 0015.

 110. Bransford DR, Howley ET. Oxygen cost of running in trained
and untrained men and women. Med Sci Sports Exerc.
1977;9(1):41–4.

 111. Bunc V, Heller J. Energy cost of running in similarly trained men 
and women. Eur J Appl Physiol. 1989;59(3):178–83. https:// doi. 
org/ 10. 1007/ BF023 86184.

 112. Daniels J, Daniels N. Running economy of elite male and elite
female runners. Med Sci Sports Exerc. 1992;24(4):483–9.

 113. Fletcher JR, MacIntosh BR. Achilles tendon strain energy in dis-
tance running: consider the muscle energy cost. J Appl Physiol

https://doi.org/10.1089/jwh.2014.5184
https://doi.org/10.3389/fendo.2014.00195
https://doi.org/10.3389/fendo.2014.00195
https://doi.org/10.1152/jappl.1990.68.1.302
https://doi.org/10.1152/jappl.1990.68.1.302
https://doi.org/10.1139/h00-024
https://doi.org/10.1249/MSS.0b013e31816212ff
https://doi.org/10.1249/MSS.0b013e31816212ff
https://doi.org/10.1152/japplphysiol.00662.2003
https://doi.org/10.1152/japplphysiol.00662.2003
https://doi.org/10.1152/jappl.2001.91.1.357
https://doi.org/10.1152/japplphysiol.01028.2002
https://doi.org/10.1152/japplphysiol.01028.2002
https://doi.org/10.1136/bjsm.2006.033548
https://doi.org/10.1136/bjsm.2006.033548
https://doi.org/10.1016/j.csm.2005.01.003
https://doi.org/10.1152/ajpendo.00271.2002
https://doi.org/10.1152/ajpendo.00271.2002
https://doi.org/10.1097/00005768-199709000-00007
https://doi.org/10.1097/00005768-199709000-00007
https://doi.org/10.1123/ijsn.4.3.299
https://doi.org/10.2170/jjphysiol.50.489
https://doi.org/10.2170/jjphysiol.50.489
https://doi.org/10.1152/ajpregu.00472.2006
https://doi.org/10.1152/ajpregu.00472.2006
https://doi.org/10.1007/s00421-017-3634-9
https://doi.org/10.1007/s00421-017-3634-9
https://doi.org/10.1111/j.1748-1716.1975.tb10038.x
https://doi.org/10.1111/j.1748-1716.1975.tb10038.x
https://doi.org/10.1152/ajpendo.00097.2006
https://doi.org/10.1152/ajpendo.00097.2006
https://doi.org/10.1152/ajpendo.00266.2001
https://doi.org/10.1152/ajpendo.00266.2001
https://doi.org/10.1152/ajpendo.00078.2001
https://doi.org/10.3389/fphys.2017.00433
https://doi.org/10.3389/fphys.2017.00433
https://doi.org/10.1007/s40279-016-0474-4
https://doi.org/10.1007/s40279-016-0474-4
https://doi.org/10.1152/japplphysiol.00307.2009
https://doi.org/10.1152/japplphysiol.00307.2009
https://doi.org/10.3389/fphys.2017.00783
https://doi.org/10.1152/jappl.2000.88.5.1707
https://doi.org/10.1519/JSC.0000000000000267
https://doi.org/10.1519/JSC.0000000000000267
https://doi.org/10.1123/ijspp.2017-0015
https://doi.org/10.1123/ijspp.2017-0015
https://doi.org/10.1007/BF02386184
https://doi.org/10.1007/BF02386184


(1985). 2014;118(2):193–9. https:// doi. org/ 10. 1152/ jappl physi 
ol. 00732. 2014.

 114. Morgan DW, Craib M. Physiological aspects of running econ-
omy. Med Sci Sports Exerc. 1992;24(4):456–61.

 115. Helgerud J, Støren Ø, Hoff J. Are there differences in running
economy at different velocities for well-trained distance runners? 
Eur J Appl Physiol. 2010;108(6):1099–105. https:// doi. org/ 10. 
1007/ s00421- 009- 1218-z.

 116. Devries MC, Hamadeh MJ, Phillips SM, Tarnopolsky MA.
Menstrual cycle phase and sex influence muscle glycogen
utilization and glucose turnover during moderate-intensity
endurance exercise. Am J Physiol Regul Integr Comp Physiol.
2006;291(4):R1120–8. https:// doi. org/ 10. 1152/ ajpre gu. 00700. 
2005.

 117. Mittendorfer B, Horowitz JF, Klein S. Gender differences in lipid 
and glucose kinetics during short-term fasting. Am J Physiol
Regul Integr Comp Physiol. 2001;281(6):E1333–9. https:// doi. 
org/ 10. 1152/ ajpen do. 2001. 281.6. E1333.

 118. Giacomoni M, Falgairette G. Decreased submaximal oxygen
uptake during short duration oral contraceptive use: a rand-
omized cross-over trial in premenopausal women. Ergonom-
ics. 2000;43(10):1559–70. https:// doi. org/ 10. 1080/ 00140 13007 
50003 989.

 119. Dokumacı B, Hazır T. Effects of the menstrual cycle on run-
ning economy: oxygen cost versus caloric cost. Res Q Exercise
Sport. 2019;90(3):318–26. https:// doi. org/ 10. 1080/ 02701 367.
2019. 15998 00.

 120. Goldsmith E, Glaister M. The effect of the menstrual cycle on
running economy. J Sports Med Phys Fit. 2020;60(4):610–7.
https:// doi. org/ 10. 23736/ S0022- 4707. 20. 10229-9.

 121. Williams TJ, Krahenbuhl GS. Menstrual cycle phase and running 
economy. Med Sci Sports Exerc. 1997;29(12):1609–18. https://
doi. org/ 10. 1097/ 00005 768- 19971 2000- 00010.

 122. Barry BK, Enoka RM. The neurobiology of muscle fatigue: 15
years later. Integr Comp Biol. 2007;47(4):465–73.

 123. Giandolini M, Vernillo G, Samozino P, Horvais N, Edwards WB, 
Morin JB, et al. Fatigue associated with prolonged graded run-
ning. Eur J Appl Physiol. 2016;116(10):1859–73. https:// doi. org/ 
10. 1007/ s00421- 016- 3437-4.

 124. Millet GY. Can neuromuscular fatigue explain running strat-
egies and performance in ultra-marathons? Sports Med.
2011;41(6):489–506. https:// doi. org/ 10. 2165/ 11588 760- 00000 
0000- 00000.

 125. Noakes TD. The central governor model of exercise regulation
applied to the marathon. Sports Med. 2007;37(4–5):374–7.
https:// doi. org/ 10. 2165/ 00007 256- 20073 7040- 00026.

 126. Thomas K, Elmeua M, Howatson G, Goodall S. Intensity-
dependent contribution of neuromuscular fatigue after constant-
load cycling. Med Sci Sports Exerc. 2016;48(9):1751–60. https://
doi. org/ 10. 1249/ MSS. 00000 00000 000950.

 127. Bontemps B, Vercruyssen F, Gruet M, Louis J. Downhill run-
ning: what are the effects and how can we adapt? A narrative
review. Sports Med. 2020;50(12):2083–110. https:// doi. org/ 10. 
1007/ s40279- 020- 01355-z.

 128. Hunter SK. Sex differences in human fatigability: mecha-
nisms and insight to physiological responses. Acta Physiol.
2014;210(4):768–89. https:// doi. org/ 10. 1111/ apha. 12234.

 129. Hunter SK. The relevance of sex differences in performance fati-
gability. Med Sci Sports Exerc. 2016;48(11):2247–56. https://
doi. org/ 10. 1249/ MSS. 00000 00000 000928.

 130. Pincivero DM, Gandaio CM, Ito Y. Gender-specific knee extensor
torque, flexor torque, and muscle fatigue responses during maxi-
mal effort contractions. Eur J Appl Physiol. 2003;89(2):134–41. 
https:// doi. org/ 10. 1007/ s00421- 002- 0739-5.

 131. Ehrstrom S, Tartaruga MP, Easthope CS, Brisswalter J, Morin
JB, Vercruyssen F. Short trail running race: beyond the classic

model for endurance running performance. Med Sci Sports 
Exerc. 2018;50(3):580–8. https:// doi. org/ 10. 1249/ MSS. 00000 
00000 001467.

 132. Ansdell P, Brownstein CG, Skarabot J, Hicks KM, Howatson
G, Thomas K, et al. Sex differences in fatigability and recov-
ery relative to the intensity–duration relationship. J Physiol.
2019;597(23):5577–95. https:// doi. org/ 10. 1113/ JP278 699.

 133. Glace BW, McHugh MP, Gleim GW. Effects of a 2-hour run on
metabolic economy and lower extremity strength in men and
women. J Orthop Sports Phys Ther. 1998;27(3):189–96. https://
doi. org/ 10. 2519/ jospt. 1998. 27.3. 189.

 134. Boccia G, Dardanello D, Tarperi C, Festa L, La Torre A, Pel-
legrini B, et al. Women show similar central and peripheral
fatigue to men after half-marathon. Eur J Sport Sci. 2018. https:// 
doi. org/ 10. 1080/ 17461 391. 2018. 14425 00.

 135. Macchi R, Vercruyssen F, Hays A, Aubert G, Exubis G, Chavet
P, et al. Sex influence on the functional recovery pattern after a
graded running race: original analysis to identify the recovery
profiles. Front Physiol. 2021;12:311.

 136. Temesi J, Arnal PJ, Rupp T, Feasson L, Cartier R, Gergele L,
et al. Are females more resistant to extreme neuromuscular
fatigue? Med Sci Sports Exerc. 2015;47(7):1372–82. https:// 
doi. org/ 10. 1249/ MSS. 00000 00000 000540.

 137. Besson T, Parent A, Brownstein CG, Espeit L, Lapole T, Martin 
V, et al. Sex differences in neuromuscular fatigue and changes in 
cost of running after mountain trail races of various distances.
Med Sci Sports Exerc. 2021;53(11):2374–87. https:// doi. org/ 10. 
1249/ MSS. 00000 00000 002719.

 138. Miller AE, MacDougall JD, Tarnopolsky MA, Sale DG. Gender 
differences in strength and muscle fiber characteristics. Eur J
Appl Physiol Occup Physiol. 1993;66(3):254–62. https:// doi. org/ 
10. 1007/ BF002 35103.

 139. Welle S, Tawil R, Thornton CA. Sex-related differences in gene
expression in human skeletal muscle. PLoS ONE. 2008;3(1):
e1385. https:// doi. org/ 10. 1371/ journ al. pone. 00013 85.

 140. Ansdell P, Thomas K, Howatson G, Hunter S, Goodall S. Con-
traction intensity and sex differences in knee-extensor fatigabil-
ity. J Electromyogr Kinesiol. 2017;37:68–74. https:// doi. org/ 10. 
1016/j. jelek in. 2017. 09. 003.

 141. Trappe S, Gallagher P, Harber M, Carrithers J, Fluckey J, Trappe
T. Single muscle fibre contractile properties in young and old
men and women. J Physiol. 2003;552(Pt 1):47–58. https:// doi. 
org/ 10. 1113/ jphys iol. 2003. 044966.

 142. Komi PV, Bosco C. Utilization of stored elastic energy in leg
extensor muscles by men and women. Med Sci Sports Exerc.
1978;10(4):261–5.

 143. Parker BA, Smithmyer SL, Pelberg JA, Mishkin AD, Herr MD,
Proctor DN. Sex differences in leg vasodilation during graded
knee extensor exercise in young adults. J Appl Physiol (1985).
2007;103(5):1583–91. https:// doi. org/ 10. 1152/ jappl physi ol. 
00662. 2007.

 144. Sundberg CW, Hunter SK, Bundle MW. Rates of performance
loss and neuromuscular activity in men and women during
cycling: evidence for a common metabolic basis of muscle
fatigue. J Appl Physiol (1985). 2017;122(1):130–41. https:// doi. 
org/ 10. 1152/ jappl physi ol. 00468. 2016.

 145. Laurent C, Green J, Bishop P, Sjökvist J, Schumacker R, Richard-
son M, et al. Effect of gender on fatigue and recovery following
maximal intensity repeated sprint performance. J Sports Med
Phys Fit. 2010;50(3):243–53.

 146. Warhol MJ, Siegel AJ, Evans WJ, Silverman LM. Skeletal mus-
cle injury and repair in marathon runners after competition. Am
J Clin Pathol. 1985;118(2):331–9.

 147. Paulsen G, Mikkelsen UR, Raastad T, Peake JM. Leucocytes,
cytokines and satellite cells: what role do they play in muscle

https://doi.org/10.1152/japplphysiol.00732.2014
https://doi.org/10.1152/japplphysiol.00732.2014
https://doi.org/10.1007/s00421-009-1218-z
https://doi.org/10.1007/s00421-009-1218-z
https://doi.org/10.1152/ajpregu.00700.2005
https://doi.org/10.1152/ajpregu.00700.2005
https://doi.org/10.1152/ajpendo.2001.281.6.E1333
https://doi.org/10.1152/ajpendo.2001.281.6.E1333
https://doi.org/10.1080/001401300750003989
https://doi.org/10.1080/001401300750003989
https://doi.org/10.1080/02701367.2019.1599800
https://doi.org/10.1080/02701367.2019.1599800
https://doi.org/10.23736/S0022-4707.20.10229-9
https://doi.org/10.1097/00005768-199712000-00010
https://doi.org/10.1097/00005768-199712000-00010
https://doi.org/10.1007/s00421-016-3437-4
https://doi.org/10.1007/s00421-016-3437-4
https://doi.org/10.2165/11588760-000000000-00000
https://doi.org/10.2165/11588760-000000000-00000
https://doi.org/10.2165/00007256-200737040-00026
https://doi.org/10.1249/MSS.0000000000000950
https://doi.org/10.1249/MSS.0000000000000950
https://doi.org/10.1007/s40279-020-01355-z
https://doi.org/10.1007/s40279-020-01355-z
https://doi.org/10.1111/apha.12234
https://doi.org/10.1249/MSS.0000000000000928
https://doi.org/10.1249/MSS.0000000000000928
https://doi.org/10.1007/s00421-002-0739-5
https://doi.org/10.1249/MSS.0000000000001467
https://doi.org/10.1249/MSS.0000000000001467
https://doi.org/10.1113/JP278699
https://doi.org/10.2519/jospt.1998.27.3.189
https://doi.org/10.2519/jospt.1998.27.3.189
https://doi.org/10.1080/17461391.2018.1442500
https://doi.org/10.1080/17461391.2018.1442500
https://doi.org/10.1249/MSS.0000000000000540
https://doi.org/10.1249/MSS.0000000000000540
https://doi.org/10.1249/MSS.0000000000002719
https://doi.org/10.1249/MSS.0000000000002719
https://doi.org/10.1007/BF00235103
https://doi.org/10.1007/BF00235103
https://doi.org/10.1371/journal.pone.0001385
https://doi.org/10.1016/j.jelekin.2017.09.003
https://doi.org/10.1016/j.jelekin.2017.09.003
https://doi.org/10.1113/jphysiol.2003.044966
https://doi.org/10.1113/jphysiol.2003.044966
https://doi.org/10.1152/japplphysiol.00662.2007
https://doi.org/10.1152/japplphysiol.00662.2007
https://doi.org/10.1152/japplphysiol.00468.2016
https://doi.org/10.1152/japplphysiol.00468.2016


damage and regeneration following eccentric exercise? Exerc 
Immunol Rev. 2012;2012(18):42–97.

 148. Nicol C, Avela J, Komi PV. The stretch-shortening cycle: a model 
to study naturally occurring neuromuscular fatigue. Sports Med. 
2006;36(11):977–99. https:// doi. org/ 10. 2165/ 00007 256- 20063 
6110- 00004.

 149. Nicol C, Komi PV. Stretch-shortening cycle fatigue. Neuromus-
cular aspects of sport performance. New York: Wiley; 2010. p.
183–215.

 150. Evans WJ, Meredith CN, Cannon JG, Dinarello CA, Frontera
WR, Hughes VA, et al. Metabolic changes following eccentric
exercise in trained and untrained men. J Appl Physiol (1985).
1986;61(5):1864–8. https:// doi. org/ 10. 1152/ jappl. 1986. 61.5. 
1864.

 151. Siegel A, Silerman L, Lopez R. Creatine kinase elevations in
marathon runners: relationship to training and competition. Yale
J Biol Med. 1980;53(4):275–9.

 152. Newham DJ, Mills KR, Quigley BM, Edwards RH. Pain and
fatigue after concentric and eccentric muscle contractions. Clin
Sci (Lond). 1983;64(1):55–62.

 153. Howell JN, Chleboun G, Conatser R. Muscle stiffness, strength
loss, swelling and soreness following exercise-induced injury in 
humans. J Physiol. 1993;464:183–96.

 154. Stupka N, Lowther S, Chorneyko K, Bourgeois J, Hogben C,
Tarnopolsky M. Gender differences in muscle inflammation after
eccentric exercise. J Appl Physiol (1985). 2000;89(6):2325–32.

 155. Sorichter S, Puschendorf B, Mair J. Skeletal muscle injury
induced by eccentric muscle action: muscle proteins as markers
of muscle fiber injury. Exerc Immunol Rev. 1999;1999(5):5–21.

 156. Silva RP, Vilaça A, Guerra FD, Mundim AV, De Agostini GG, De 
Abreu LC, et al. Sex differences in physiological stress induced
by a long-lasting adventure race: a prospective observational
analytical study. Sportverletz Sportschaden. 2020;34(02):84–95.

 157. Goodman C, Henry G, Dawson B, Gillam I, Beilby J, Ching S,
et al. Biochemical and ultrastructural indices of muscle dam-
age after a twenty-one kilometre run. Aust J Sci Med Sport.
1997;29(4):95–8.

 158. Margaritis I, Tessier F, Richard M-J, Marconnet P. No evidence
of oxidative stress after a triathlon race in highly trained competi-
tors. Int J Sports Med. 1997;18(3):186–90.

 159. Hoffman MD, Ingwerson JL, Rogers IR, Hew-Butler T, Stuemp-
fle KJ. Increasing creatine kinase concentrations at the 161-
km Western States Endurance Run. Wilderness Environ Med.
2012;23(1):56–60. https:// doi. org/ 10. 1016/j. wem. 2011. 11. 001.

 160. Fridén J, Lieber RL. Serum creatine kinase level is a poor pre-
dictor of muscle function after injury. Scand J Med Sci Sports.
2001;11(2):126–7. https:// doi. org/ 10. 1034/j. 1600- 0838. 2001. 
01100 2126.x.

 161. Mougios V. Reference intervals for serum creatine kinase in ath-
letes. Br J Sports Med. 2007;41(10):674–8. https:// doi. org/ 10. 
1136/ bjsm. 2006. 034041.

 162. Enns DL, Tiidus PM. The influence of estrogen on skeletal
muscle: sex matters. Sports Med. 2010;40(1):41–58. https://
doi. org/ 10. 2165/ 11319 760- 00000 0000- 00000.

 163. Stachenfeld NS, Taylor HS. Challenges and methodology for
testing young healthy women in physiological studies. Am J
Physiol Endocrinol Metab. 2014;306(8):E849–53. https:// doi. 
org/ 10. 1152/ ajpen do. 00038. 2014.

 164. Kaikkonen J, Porkkala-Sarataho E, Tuomainen TP, Nyyssönen
K, Kosonen L, Ristonmaa U, et  al. Exhaustive exercise
increases plasma/serum total oxidation resistance in moder-
ately trained men and women, whereas their VLDL + LDL
lipoprotein fraction is more susceptible to oxidation. Scand J
Clin Lab Invest. 2002;62(8):599–607. https:// doi. org/ 10. 1080/ 
00365 51027 64654 330.

 165. Oosthuyse T, Bosch AN. The effect of gender and menstrual
phase on serum creatine kinase activity and muscle soreness
following downhill running. Antioxidants. 2017. https:// doi. 
org/ 10. 3390/ antio x6010 016.

 166. Brueckner JC, Atchou G, Capelli C, Duvallet A, Barrault D,
Jousselin E, et al. The energy cost of running increases with
the distance covered. Eur J Appl Physiol. 1991;62(6):385–9.
https:// doi. org/ 10. 1007/ BF006 26607.

 167. Hunter I, Smith GA. Preferred and optimal stride frequency,
stiffness and economy: changes with fatigue during a 1-h high-
intensity run. Eur J Appl Physiol. 2007;100(6):653–61. https://
doi. org/ 10. 1007/ s00421- 007- 0456-1.

 168. Vercruyssen F, Gruet M, Colson SS, Ehrstrom S, Brisswal-
ter J. Compression garments, muscle contractile function,
and economy in trail runners. Int J Sports Physiol Perform.
2017;12(1):62–8. https:// doi. org/ 10. 1123/ ijspp. 2016- 0035.

 169. Vercruyssen F, Tartaruga M, Horvais N, Brisswalter J. Effects
of footwear and fatigue on running economy and biomechanics 
in trail runners. Med Sci Sports Exerc. 2016;48(10):1976–84.
https:// doi. org/ 10. 1249/ MSS. 00000 00000 000981.

 170. Xu F, Montgomery DL. Effect of prolonged exercise at 65
and 80 % of VO2max on running economy. Int J Sports Med.
1995;16(5):309–13. https:// doi. org/ 10. 1055/s- 2007- 973011.

 171. Loftin M, Sothern M, Tuuri G, Tompkins C, Koss C, Bonis M.
Gender comparison of physiologic and perceptual responses in
recreational marathon runners. Int J Sports Physiol Perform.
2009;4(3):307–16.

 172. Thomas DQ, Fernhall B, Granat H. Changes in running econ-
omy during a 5-km run in trained men and women runners. J
Strength Cond Res. 1999;13(2):162–7.

 173. Giandolini M, Gimenez P, Millet GY, Morin J-B, Samoz-
ino P. Consequences of an ultra-trail on impact and lower
limb kinematics in male and female runners. Footwear Sci.
2013;5(sup1):S14–5.

 174. Notley SR, Racinais S, Kenny GP. Do sex differences in ther-
moregulation pose a concern for female athletes preparing for
the Tokyo Olympics? Br J Sports Med. 2021;55(6):298–9.
https:// doi. org/ 10. 1136/ bjspo rts- 2020- 102911.

 175. Notley SR, Akerman AP, Meade RD, McGarr GW, Kenny
GP. Exercise thermoregulation in prepubertal children: a brief
methodological review. Med Sci Sports Exerc. 2020. https://
doi. org/ 10. 1249/ MSS. 00000 00000 002391.

 176. Yanovich R, Ketko I, Charkoudian N. Sex differences in human 
thermoregulation: relevance for 2020 and beyond. Physiology
(Bethesda). 2020;35(3):177–84. https:// doi. org/ 10. 1152/ physi 
ol. 00035. 2019.

 177. Periard JD, Racinais S, Timpka T, Dahlstrom O, Spreco A,
Jacobsson J, et  al. Strategies and factors associated with
preparing for competing in the heat: a cohort study at the
2015 IAAF World Athletics Championships. Br J Sports
Med. 2017;51(4):264–70. https:// doi. org/ 10. 1136/ bjspo 
rts- 2016- 096579.

 178. Gagnon D, Crandall CG, Kenny GP. Sex differences in post-
synaptic sweating and cutaneous vasodilation. J Appl Physiol
(1985). 2013;114(3):394–401. https:// doi. org/ 10. 1152/ jappl physi 
ol. 00877. 2012.

 179. Shapiro Y, Pandolf KB, Avellini BA, Pimental NA, Gold-
man RF. Physiological responses of men and women to humid
and dry heat. J Appl Physiol Respir Environ Exerc Physiol.
1980;49(1):1–8. https:// doi. org/ 10. 1152/ jappl. 1980. 49.1.1.

 180. Wegelin JA, Hoffman MD. Variables associated with odds
of finishing and finish time in a 161-km ultramarathon. Eur J
Appl Physiol. 2011;111(1):145–53. https:// doi. org/ 10. 1007/ 
s00421- 010- 1633-1.

https://doi.org/10.2165/00007256-200636110-00004
https://doi.org/10.2165/00007256-200636110-00004
https://doi.org/10.1152/jappl.1986.61.5.1864
https://doi.org/10.1152/jappl.1986.61.5.1864
https://doi.org/10.1016/j.wem.2011.11.001
https://doi.org/10.1034/j.1600-0838.2001.011002126.x
https://doi.org/10.1034/j.1600-0838.2001.011002126.x
https://doi.org/10.1136/bjsm.2006.034041
https://doi.org/10.1136/bjsm.2006.034041
https://doi.org/10.2165/11319760-000000000-00000
https://doi.org/10.2165/11319760-000000000-00000
https://doi.org/10.1152/ajpendo.00038.2014
https://doi.org/10.1152/ajpendo.00038.2014
https://doi.org/10.1080/003655102764654330
https://doi.org/10.1080/003655102764654330
https://doi.org/10.3390/antiox6010016
https://doi.org/10.3390/antiox6010016
https://doi.org/10.1007/BF00626607
https://doi.org/10.1007/s00421-007-0456-1
https://doi.org/10.1007/s00421-007-0456-1
https://doi.org/10.1123/ijspp.2016-0035
https://doi.org/10.1249/MSS.0000000000000981
https://doi.org/10.1055/s-2007-973011
https://doi.org/10.1136/bjsports-2020-102911
https://doi.org/10.1249/MSS.0000000000002391
https://doi.org/10.1249/MSS.0000000000002391
https://doi.org/10.1152/physiol.00035.2019
https://doi.org/10.1152/physiol.00035.2019
https://doi.org/10.1136/bjsports-2016-096579
https://doi.org/10.1136/bjsports-2016-096579
https://doi.org/10.1152/japplphysiol.00877.2012
https://doi.org/10.1152/japplphysiol.00877.2012
https://doi.org/10.1152/jappl.1980.49.1.1
https://doi.org/10.1007/s00421-010-1633-1
https://doi.org/10.1007/s00421-010-1633-1


 181. Ely MR, Cheuvront SN, Roberts WO, Montain SJ. Impact of
weather on marathon-running performance. Med Sci Sports
Exerc. 2007;39(3):487–93. https:// doi. org/ 10. 1249/ mss. 0b013 
e3180 2d3aba.

 182. Deaner RO, Carter RE, Joyner MJ, Hunter SK. Men are more
likely than women to slow in the marathon. Med Sci Sports
Exerc. 2015;47(3):607–16. https:// doi. org/ 10. 1249/ MSS. 00000 
00000 000432.

 183. March DS, Vanderburgh PM, Titlebaum PJ, Hoops ML. Age,
sex, and finish time as determinants of pacing in the marathon. J 
Strength Cond Res. 2011;25(2):386–91. https:// doi. org/ 10. 1519/ 
JSC. 0b013 e3181 bffd0f.

 184. Cuk I, Nikolaidis PT, Knechtle B. Sex differences in pacing
during half-marathon and marathon race. Res Sports Med.
2020;28(1):111–20. https:// doi. org/ 10. 1080/ 15438 627. 2019.
15938 35.

 185. Deaner RO, Addona V, Carter RE, Joyner MJ, Hunter SK. Fast
men slow more than fast women in a 10 kilometer road race.
PeerJ. 2016;4:e2235. https:// doi. org/ 10. 7717/ peerj. 2235.

 186. Deaner RO, Lowen A. Males and females pace differently
in high school cross-country races. J Strength Cond Res.
2016;30(11):2991–7. https:// doi. org/ 10. 1519/ JSC. 00000 00000 
001407.

 187. Hanley B. Pacing, packing and sex-based differences in Olym-
pic and IAAF World Championship marathons. J Sports Sci.
2016;34(17):1675–81. https:// doi. org/ 10. 1080/ 02640 414. 2015. 
11328 41.

 188. Trubee NW, Vanderburgh PM, Diestelkamp WS, Jackson KJ.
Effects of heat stress and sex on pacing in marathon runners. J
Strength Cond Res. 2014;28(6):1673–8. https:// doi. org/ 10. 1519/ 
JSC. 00000 00000 000295.

 189. Renfree A, Crivoi do Carmo E, Martin L. The influence of per-
formance level, age and gender on pacing strategy during a 100-
km ultramarathon. Eur J Sport Sci. 2016;16(4):409–15. https://
doi. org/ 10. 1080/ 17461 391. 2015. 10410 61.

 190. Bossi AH, Matta GG, Millet GY, Lima P, Pertence LC, de Lima 
JP, et al. Pacing strategy during 24-hour ultramarathon-distance 
running. Int J Sports Physiol Perform. 2017;12(5):590–6. https://
doi. org/ 10. 1123/ ijspp. 2016- 0237.

 191. Inoue A, Santos TM, Hettinga FJ, de Souza Alves D, Viana BF,
de Souza Terra B, et al. The impact of sex and performance level 
on pacing behavior in a 24-h ultramarathon. In: Hurdling the
Challenges of the 2019 IAAF World Championships. 2020

 192. Cuk I, Nikolaidis PT, Markovic S, Knechtle B. Age differences
in pacing in endurance running: comparison between marathon
and half-marathon men and women. Medicina (Kaunas). 2019.
https:// doi. org/ 10. 3390/ medic ina55 080479.

 193. Esculier JF, Willy RW, Baggaley MW, Meardon SA, Willson JD. 
Sex-specific kinetic and kinematic indicators of medial tibiofem-
oral force during walking and running. Knee. 2017;24(6):1317–
25. https:// doi. org/ 10. 1016/j. knee. 2017. 08. 054.

 194. Hennig E. Gender differences for running in athletic footwear. In: 
Proceedings of the 5th Symposium on Footwear biomechanics,
Zurich, Switzerland; 2001. p. 44–5.

https://doi.org/10.1249/mss.0b013e31802d3aba
https://doi.org/10.1249/mss.0b013e31802d3aba
https://doi.org/10.1249/MSS.0000000000000432
https://doi.org/10.1249/MSS.0000000000000432
https://doi.org/10.1519/JSC.0b013e3181bffd0f
https://doi.org/10.1519/JSC.0b013e3181bffd0f
https://doi.org/10.1080/15438627.2019.1593835
https://doi.org/10.1080/15438627.2019.1593835
https://doi.org/10.7717/peerj.2235
https://doi.org/10.1519/JSC.0000000000001407
https://doi.org/10.1519/JSC.0000000000001407
https://doi.org/10.1080/02640414.2015.1132841
https://doi.org/10.1080/02640414.2015.1132841
https://doi.org/10.1519/JSC.0000000000000295
https://doi.org/10.1519/JSC.0000000000000295
https://doi.org/10.1080/17461391.2015.1041061
https://doi.org/10.1080/17461391.2015.1041061
https://doi.org/10.1123/ijspp.2016-0237
https://doi.org/10.1123/ijspp.2016-0237
https://doi.org/10.3390/medicina55080479
https://doi.org/10.1016/j.knee.2017.08.054

	Sex Differences in Endurance Running
	Abstract
	1 Introduction
	2 Biomechanics of Running
	2.1 Spatiotemporal Parameters
	2.2 Running Kinematics and Muscle Electromyographic Activity
	2.3 Running Kinetics and Muscle–Tendon Stiffness Regulation

	3 Substrate Utilization and Running Economy
	3.1 Substrate Utilization
	3.2 Running Economy

	4 Fatigue Resistance
	4.1 Neuromuscular Fatigue
	4.2 Muscle Tissue Characteristics
	4.3 Muscle Fiber Damage, Inflammation and Delayed-Onset Muscle Soreness
	4.4 Change in Running Biomechanics and Economy with Fatigue

	5 Other Factors Influencing Running Performance
	5.1 Thermoregulation
	5.2 Pacing

	6 Conclusion
	Acknowledgements 
	References




