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Abstract

Performance fatigability differs between men and women for a range of fatiguing tasks. WWomen
are usually less fatigable than men and this is most widely described for isometric fatiguing
contractions, and some dynamic tasks. The sex difference in fatigability is specific to the task
demands so that one mechanism is not universal, including any sex differences in skeletal muscle
physiology, muscle perfusion and voluntary activation. However, there are substantial knowledge
gaps about the task dependency of the sex differences in fatigability, the involved mechanisms and
the relevance to clinical populations and with advanced age. The knowledge gaps are in part due to
the significant deficits in the number of women included in performance fatigability studies
despite a gradual increase in the inclusion of women over the last 20 years. Therefore, this review
1) provides a rationale for the limited knowledge about sex differences in performance fatigability,
2) summarizes the current knowledge on sex differences in fatigability and the potential
mechanisms across a range of tasks, 3) highlights emerging areas of opportunity in clinical
populations, and 4) suggests strategies to close the knowledge gap and understanding the relevance
of sex differences in performance fatigability. The limited understanding about sex differences in
fatigability in healthy and clinical populations, presents as a field ripe with opportunity for high
impact studies. Such studies will inform on the limitations of men and women during athletic
endeavors, ergonomic tasks and daily activities. Because fatigability is required for effective
neuromuscular adaptation, sex differences in fatigability studies will also inform on optimal
strategies for training and rehabilitation in both men and women.
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Introduction

The limits of human performance during athletic events, ergonomic tasks and daily activities
are in part defined by fatigue that develops in the neuromuscular system in both men and
women. This performance fatigability, commonly termed muscle fatigue, is an acute
activity-induced reduction of force or power of a muscle; and in the laboratory is typically
quantified as the reduction in maximal strength or power, or the time to failure of a
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submaximal task (20). The responsible mechanisms for performance fatigability range from
inadequate activation of the motor cortex and motoneuron pool to altered cross-bridge
kinetics within the activated muscle fibers (53). Performance fatigability and the involved
mechanisms, however, can differ between men and women. Sex-based differences in
anatomy and physiology can alter the rate and magnitude of fatigability that develops in the
muscle and central nervous system for men compared with women. While skeletal muscles
of men are usually stronger and more powerful than women, men are often more fatigable
than women for sustained or intermittent isometric contractions performed at a similar
relative intensity (percentage of maximal strength). It is less clear whether these sex
differences in fatigability occur during dynamic fatiguing tasks because the task variables
are numerous, including the type, velocity and intensity of the contractions, and the number
of studies is limited. Defining and understanding these sex-based differences in fatigability
are important to: 1) understand the limits of performance in both men and women, and 2)
determine optimal strategies for training and rehabilitation, which rely on fatigability to
provide adequate neuromuscular overload and ultimately neuromuscular adaptation and
increased strength or endurance.

This review will: 1) provide a rationale for the limited knowledge about sex differences in
performance fatigability, 2) summarize the most up to date findings of sex differences in
fatigability and the potential mechanisms across a range of tasks, 3) highlight emerging
areas of opportunity in clinical populations, and 4) provide immediate and long term
strategies to close the knowledge gap in the understanding and the relevance of sex
differences in performance fatigability.

1. Setting the Record Straight: Numbers Matter

Both past and even recent studies of performance fatigability typically involve men, or often
a lack of distinction between the sexes. This is also true, in general, across exercise science
and biomedical research for human, animal and basic cell studies (5, 66). Several key events
over the last 25 years have increased awareness and promoted the involvement of women in
biomedical research in the US, and ultimately increased awareness of sex differences in
performance fatigability. These include the 1993 National Institutes of Health (NIH)
Revitalization Act mandating the inclusion of women in human studies (or the justification
for lack of inclusion), and the 2001 Institute of Medicine report: “Exploring the Biological
Contributions of Sex” (94). This report and subsequent commentaries (65, 66) serve as a
reminder that every cell has a sex (defined by the chromosome complement of XY in
women or XX in men) that potentially influences function, and fatigability, in men and
women differently. Furthermore, in 2015, NIH announced a policy of including sex as a
biological variable for research involving humans, animals and cells (http://grants.nih.gov/
grants/guide/notice-files/NOT-OD-15-102.html). While NIH has made significant strides to
include females in scientific studies, the inclusion of women in exercise physiology and
performance studies remains inadequate.

One of the first reviews highlighting sex-based differences in fatigability was published in
2001 in Exercise and Sport Science Reviews (34). Since then, the number of studies
determining whether there are sex differences in fatigability has increased, with several
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reviews emerging (6, 39-41) and culminating in a highlighted topic of interest at the World
Congress of Exercise Fatigue in San Diego in May 2015. However, there is still a significant
deficit in the numbers of women relative to men included in studies of performance
fatigability (see Figure 1A), despite improvements over the last 20 years (Figure 1B).

There are consequences to not including women in studies at the same rate as men. A
disproportionate testing of men compared with women, and the under-reporting of sex
effects, can mask the magnitude of the sex differences in fatigability and performance. An
example of how sampling bias can influence this magnitude is demonstrated with the
marathon event. Historically, women were not permitted to competitively run the marathon
until the 1970s. Since then, the number of women runners has increased in major marathons
across all age groups; the large initial increase in participation paralleled the improvement in
world record times and the marked reduction in the sex difference of the fastest marathon
times (46) to an ~11-12% difference between men and women over the last 20 years (48).

However, among elite, lower placed and older runners in the major world marathons, the sex
difference is larger than can be explained by physiological differences between men and
women (47, 48). The large sex difference in marathon performance was associated with
lower participation rates among the women runners compared with the men (47). The more
equitable the numbers of men and women within an age group, the closer the sex difference
approached 11-12% (47). This example highlights that the sex difference in performance due
to physiological differences can be masked if the pool of men and women are not equitable
in numbers, presumably in part, due to a reduced talent pool among the women. As a
discipline, exercise science must make every effort to ensure an accurate understanding of
the similarities and the differences in performance and fatigability of both men and women;
this can be accomplished by including more women in research studies.

2. Current Knowledge on Sex Differences in Performance Fatigability

In general, women are less fatigable than men for many isometric tasks and some dynamic
tasks when young healthy men and women perform similar intensity contractions (40). This
section will summarize the main findings, emerging themes and areas of opportunity.

a. The sex difference in fatigability is specific to the task

The dominant mechanism contributing to performance fatigability in both men and women
is associated with the site in the neuromuscular system that is stressed the most, and this is
determined by the demands of the task (21). For a given fatiguing task, sex differences
within the neuromuscular system can alter the rate at which a site is stressed for men
compared with women, resulting in a sex difference in fatigability (39). Thus, when task
demands change for men and women, such as the intensity of isometric contraction or
whether it is sustained or intermittent, the sex-based difference in fatigability can also
change. Both the task differences and potential mechanisms are discussed in sections
following. Including women in a range of performance fatigability studies across different
tasks, will fill the knowledge gaps as to whether there are relevant sex differences across the
many types of fatiguing tasks.
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b. Much of our current knowledge and understanding of sex differences in fatigability is
based on isometric contractions of a single limb

Women are less fatigable than men during isometric fatiguing tasks for many muscle groups
(40). The sex difference in performance fatigability for isometric contractions, however,
varies with the muscle group involved and the intensity of the contraction (39). Figure 2
illustrates that the sex difference in fatigability is less for the ankle dorsiflexor muscles than
the elbow flexor muscles (3), with no sex difference reported for a low force sustained
contraction with the elbow extensor muscles (17). There are however, limited studies for
several muscle groups including the elbow extensor muscles and plantar flexor muscles.
Figure 2 also shows that, in general, for sustained isometric contractions, the sex difference
in fatigability is less for sustained isometric contractions at high intensities compared with
low intensity sustained contractions (63, 98). The varying sex difference in performance
fatigability between muscle groups and for fatiguing contractions of different intensities
(high vs low intensities) and contraction types (such as sustained vs intermittent), are
examples of the task dependency of the sex difference in fatigability.

c. There are sex differences in fatigability for some dynamic tasks with a single limb but
this is not a consistent finding among the limited number of studies

In general, the sex difference in fatigability for dynamic tasks appears to be diminished
relative to isometric contractions (41). The dearth of studies contributes to the ambiguity as
to whether sex differences exist. A tremendous opportunity exists to generate high impact
studies that determine the magnitude and mechanisms for sex differences in performance
fatigability of dynamic tasks. Summarized below are conclusions from recent studies that
are reviewed more extensively elsewhere (41).

Shortening muscle activation

Women were less fatigable than men for some upper and lower limb muscles during
shortening contractions in some studies including the knee extensors, elbow flexor and
plantar flexor muscles (33, 63, 70) but there was no sex difference in other studies [e.g. (15,
83)]. Emerging evidence suggests the sex difference is specific to the requirements of the
dynamic task, including contraction velocity and intensity, and the muscle group involved
during single limb exercise (41). For example, women were less fatigable than men for a
dynamic task with the elbow flexor muscles at slow but not high velocity contractions (83,
96). Contractile mechanisms were responsible for the sex difference in fatigability during the
slow velocity contractions, with minimal sex differences in the reduction in voluntary
activation when assessed with transcranial magnetic stimulation (96). Comparison of these
studies suggests the velocity of contraction with the elbow flexor muscles influences
whether there is a sex difference in fatigability, with larger sex differences at slower
contraction velocities.

Furthermore, for the knee extensor muscles, when fatigability was quantified as a reduction
in the maximal voluntary isometric contraction (MVIC) force after a fast dynamic fatiguing
task, women were less fatigable than men, despite a similar reduction in power over the 90
fast velocity contractions (83). This is in contrast to the elbow flexor muscles tested in the
same subjects and in the same study (83), where there was no sex difference in the reduction
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in power or the reduction in MVIC. Thus, the contraction mode used to quantify
performance fatigability during and after dynamic tasks in specific muscle groups will
influence the observed sex difference in fatigability.

Lengthening muscle activation

Initial studies suggest that maximal force loss in response to repeated lengthening activation
is either similar for men and women [e.g. (38, 72, 77)], or that women experience greater
reductions in force than men [e.g (73, 84)]. For example, there was a slower recovery in
maximal force for women compared with men after repeated lengthening contractions with
the ankle dorsiflexor muscles, and differences were associated with contractile mechanisms
(73).

Lengthening activation is able to generate greater maximal torque than maximal isometric
and shortening activations at the same velocity, but voluntary activation is usually less (18).
A complicating and cautionary note is that repeated lengthening activation will elicit muscle
damage and delayed onset muscle soreness (DOMS) (16). Hence, delineating whether the
reduction in force or power is due to fatigability or DOMS is challenging. Because fatiguing,
lengthening contractions are important in optimizing muscle hypertrophy during strength
training and rehabilitation programs (79), addressing sex differences in fatigability may
reveal information that is relevant to individualizing training programs in men and women.

d. There are sex differences for sprint exercise, but more studies are needed to bridge the
gap between single limb and whole body performance

Fatigability of single limb muscle groups provide insight into the mechanisms for the
differences in performance fatigability during exercise with multiple muscle groups.
Consistent with the single limb exercise, women exhibit less muscle fatigue during or after
multiple sprint exercise (6), including cycling (7) and running (58). The sex differences in
sprint exercise appear to be primarily due to contractile and metabolic differences between
men and women (6) and also related to maximal power or torque (7). These studies suggest
that fatigability of skeletal muscle during high intensity repeated sprints and the subsequent
recovery can differ for men and women.

e. Women can be less fatigable than men after long duration endurance exercise

Several studies demonstrate that after long duration cycling and running, reductions in
maximal strength of lower limb muscles is less for women than men primarily due to
muscular mechanisms (30, 31, 90). It is not known if sex differences in performance
fatigability exist across different modes of long duration fatiguing exercise, nor the ultimate
relevance to longer term recovery from such events. More studies informing of potential sex
differences and the involved mechanisms after long duration exercise will provide
information for best recovery strategies for men and women.

f. Mechanisms for the sex differences in fatigability

Contractile mechanisms play a primary role for the sex difference in fatigability [e.g. (42,
95)], but other mechanisms, including muscle perfusion and voluntary activation, also
dominate for some select tasks and muscle groups. For example, the sex difference in
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fatigability was attributable to a greater loss of voluntary activation for men compared with
women during and after isometric fatiguing contractions with the lower limb muscles (61,
81). The interaction of potential mechanisms is illustrated in Figure 3, and summarized
below, with more detailed explanations elsewhere (40). Of note is the interconnectedness
between the systems, making it difficult to tease apart the originating causes for the
differences in fatigability between men and women. A key point, however, is that the
dominant mechanism(s) for the sex difference in fatigability will change with the task
demands. For example, the larger muscle mass and strength of men (64) can play a primary
role in limiting blood flow more rapidly in men than women during low-to-moderate force
sustained isometric contractions performed at the same relative intensity (44). Greater
intramuscular pressures exerted onto the feed arteries can limit perfusion and oxygen supply,
with an increased metabolite buildup in the men compared with the women. When the
contraction is intermittent, the muscle is relatively perfused (45), so other mechanisms are
primarily responsible for the sex difference in fatigability. Other mechanisms may include
sex differences in muscle metabolism and contractile function (6), voluntary activation (61,
81) and possibly differences in muscle perfusion in response to vasodilation and sympathetic
activation (45, 50, 68) (Figure 3).

Skeletal muscle physiology is a primary mechanism for observed sex differences in
performance fatigability

There are sex differences in whole body substrate utilization during endurance exercise:
women oxidize more fat and less carbohydrate and amino acids than men during similar
intensity endurance exercise (89) originating in part from sex differences within the skeletal
muscle (6). Men have greater glycolytic capacity than women, and women have greater
oxidative capacity of whole muscle than men (23, 82). This sex difference in whole muscle
energy metabolism is related to differences in the proportional area of type | fibers in the
skeletal muscle (see Figure 4). Although the relative (percentage) numbers of fiber types
may not differ between men and women [e.g. (57, 71)], women have smaller type Il fibers
than men, so that the whole muscle of women has greater relative area that is type | fiber
(Figure 4). Such sex differences in fiber type proportional area is consistent with slower
contractile properties, such as slower rates of relaxation, and a more fatigue resistant muscle
(42, 95, 96). At the whole muscle level, contractile function may differ, but relative to fiber
size, the peak force, power and shortening velocity of individual muscle fiber types that have
been chemically skinned do not appear to differ between men and women (54, 55, 92),
although aging and disuse may change this more for women than men (11).

Voluntary activation can explain some of the sex differences in performance fatigability

Voluntary activation or neural drive is reduced during fatiguing exercise. While men and
women usually have similar voluntary activation when measured with evoked contractions
(with either motor nerve or cortical stimulation) during maximal efforts at the start of
exercise (42, 51), the reduction can vary between the sexes. In lower limb muscles, for
example, reductions in voluntary activation can be greater in men than women at the end of
isometric fatiguing contractions (61, 81), although upper limb activation does not show sex
differences (42, 51, 98). The greater loss of neural drive in men during these high intensity
contractions of the lower limb are probably due to larger accumulation of metabolites in the
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active skeletal muscle (81) and the subsequent inhibitory feedback of the motoneuron pool
from the Group Il and IV sensory neurons (62). More studies that include women are
required to show the relevance of these inhibitory pathways to the sex differences in
fatigability.

During fatiguing contractions, the importance of the cortex in limiting performance of men
and women was highlighted with experiments that involved imposing a difficult cognitive
challenge while the participant sustained a submaximal fatiguing contraction (52, 97). Both
old and young women had greater increases in fatigability than men when the cognitive
challenge (counting backwards by a two digit number) was imposed during an isometric
fatiguing contraction sustained at 20% maximal voluntary isometric contraction with the
elbow flexor muscles (52, 69). Certainly, there are widespread sex differences in brain
activation (10) during cognitive tasks with some, but minimal, differences during motor
tasks (99). The mechanisms involved for the greater changes in fatigability of the women
than the men are not fully understood, but involve a strength-related mechanism, possibly
involving muscle perfusion and relevant to the elbow flexor muscles (52, 93). Thus, when a
cognitive challenge is imposed during an upper limb fatiguing contraction, the strength of
the contributing mechanism(s) to the sex difference in fatigability is altered (Figure 3).
Further studies are needed to determine the involved mechanisms for the altered sex
difference in fatigability when a cognitive challenge is imposed during a fatiguing motor
task.

g. Variance in performance fatigability across the menstrual cycle among women is small
relative to the differences between men and women

Based on well controlled studies, there are minimal differences in fatigability and contractile
function across the different phases of the menstrual cycle in women at moderate
environmental temperatures (49). We have repeatedly found no association between the day
of menstrual cycle and strength or fatigability of isometric fatiguing contractions [e.g (43,
51)]. While there appear to be differences across the menstrual cycle in muscle sympathetic
activity (26) and whole body substrate utilization during endurance exercise (89),
fluctuations in the physiology, hormones and performance are small compared with the
larger differences between men and women (89). This is also the case in animal experiments
where the variance in physiology across the estrous cycle is small, with minimal differences
in variability of behavioral or physiological measures between male and female mice (74) or
rats (4). Thus, the larger differences between men and women appear to have greater effects
on fatigability than across the menstrual cycle in premenopausal women. Further, the
hormonal reductions across the lifespan may have greater effects on fatigability and function
than across the menstrual cycle, and this is considered next.

h. The sex difference in fatigability changes with advanced aging

The sex difference in performance fatigability with advanced age is generally reduced (39),
but not completely diminished (14). The role of the hormonal reductions post menopause in
women are not entirely clear. There are possible anti-catabolic effects of hormone
replacement therapy on skeletal muscle in older women and men [e.g. (75, 80)], but there are
limited studies and evidence for any effects of hormone replacement therapy on fatigability
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in men and women (13, 28). Well-designed human studies are needed to clarify the effects of
the age-related reduction in reproductive hormones on performance fatigability and the
impact of hormone replacement therapy for both men and women.

i. Recovery from fatiguing exercise in men and women is not well explored

Significant sex differences in function and performance can be observed during recovery
from a fatiguing bout of exercise, even when there may be no sex difference in the fatiguing
exercise performance (1). For example, men showed greater reductions in MVIC force after
a fatiguing bout of dynamic contractions when there was no sex difference in the reduction
in power during the fatiguing task with the knee extensor muscles (83). The mechanisms for
the recovery of strength after a fatiguing bout of exercise may differ for men and women, but
more studies are required to understand acute and long term recovery in men and women
and the contributing mechanisms.

3. Sex Differences in Fatigability Among Clinical Populations

Exciting opportunities exist for discovering whether there are sex differences in performance
fatigability among clinical populations, especially if there is a greater prevalence of the
disease/disorder in one of the sexes. Fatigability can limit exercise performance, ergonomic
tasks and daily activities, more so in older adults, those with chronic disease or disability
such as stroke and multiple sclerosis [e.g. (56, 87).] However, whether the sex differences in
fatigability observed in healthy people are relevant to clinical populations is relatively
unexplored, with some evidence for differences in people with multiples sclerosis and
stroke. For example, the mechanisms contributing to sex differences in fatigability in healthy
men and women differed to in people with multiple sclerosis (87). Furthermore, after stroke,
men appear to have greater fatigability relative to age matched healthy people (45%
difference), and also compared with women (14% difference) (101).

Conversely, fatiguing contractions are the foundation of effective strength training and
rehabilitation. Thus, understanding the mechanisms of fatigability for a range of tasks and
muscle groups in both men and women will inform best strategies and practices for strength
training and rehabilitation in clinical populations. In optimal doses followed by adequate
recovery, fatigability over a number of sessions results in overload and adaptation of the
neuromuscular system. Adaptations include optimizing neural activation and muscle
hypertrophy, which result in increased strength and endurance (9, 67). Such adaptations are
associated with increased performance, even for simple daily tasks such as rising from a
chair in weak and clinical populations, especially in women (27).

There is also a tremendous potential for appropriately prescribed fatiguing contractions to
help manipulate acute pain relief in clinical populations, particularly women. In young
healthy adults, women report greater intensity and a sooner onset of pain than men in
response to a painful stimuli (76). Paradoxically, fatiguing exercise can temporarily offset
pain (exercise induced hypoalgesia) (36, 59). Thus, fatiguing exercise may be a viable
treatment option to relieve pain acutely, and possibly long term, in response to exercise
programs. These strategies could be used very effectively among women who experience
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greater prevalence for some pain conditions, such as fibromyalgia (35, 37) and osteoarthritis

).

4. Increasing an Understanding of Sex Differences in Performance

Fatigability

The sex bias in studies on performance fatigability has created a field that is ripe with
opportunities. Following are strategies for investigators that will help clarify and progress
the current knowledge and understanding of sex differences in performance fatigability, the
dominant mechanisms and relevance to real world activities.

a. Reanalysis of existing data

Example 1

Example 2

There are existing studies and data sets on performance fatigability that include both men
and women but have not been analyzed for sex differences. The following are examples of
two data sets, one that was analyzed for sex differences after the original data set was
published (example 1), and one that was analyzed for sex differences after data collection
was complete but not yet published (example 2).

Figure 6 from Hunter and Enoka (2001) (44) shows data that was reanalyzed for sex
differences from a study that had originally tested the fatigability of the first dorsal
interosseous (FDI) across different contraction intensities (29). Reanalysis of the FDI data
(29) provided evidence that, unlike the elbow flexor muscles, there were no sex differences
in the fatigability of the sustained contractions with the FDI. However, similar to what had
been seen in the elbow flexor muscles (44), the time to task failure was dependent on the
absolute strength.

The main aim of the study in this example (32), was to investigate the effects of high-
intensity exercise and sprint training on skeletal muscle Ca2* regulation of the sarcoplasmic
reticulum among men and women with type 1 diabetes (T1D, n = 8, 3F, 5M) and matched
non-diabetic controls (CON, n = 8, 3F, 5M). Ca2* regulation (sarcoplasmic reticulum Ca%*
uptake and Ca2* ATPase activity) was determined from the homogenate of muscle biopsy
samples of the vastus lateralis (32). The original hypothesis, therefore, did not include
analysis for sex differences and so this was conducted after data collection was complete but
before the data was published. Subsequent analysis showed that the difference in
sarcoplasmic reticulum Ca?* regulation between men and women was much greater than the
acute effects of high-intensity exercise and sprint training in those with and without type |
diabetes. Thus, it is possible that there are many existing data sets that are adequately
powered and have potential sex differences but are not yet analyzed for the differences
between men and women.
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b. Single sex studies named

There are legitimate reasons for single sex studies. For these publications, a strong
recommendation is to indicate the sex of the cohort preferably in the title with “... in men” or
‘... inwomen’, and also in the abstract. In many single sex publications, the sex of the
subjects is not immediately apparent, with an underlying assumption that the findings are
relevant to both sexes. Naming the sex of the subjects up front in single sex studies will help
the reader clarify the relevance of the results and conclusions to both sexes.

c. Include sex as study variable and include both men and women in a study

Test enough men and women to determine if sex differences exist or not. This is an obvious
suggestion, but for many laboratories it simply does not occur, sometimes for practical
reasons, but also due to uncertainty of the possible confounding effects of the menstrual
cycle in women. Two approaches to deal with this are to either control the time at which all
women are tested within their menstrual cycle or simply to record the day of the cycle and
determine retrospectively if there are associations between day or phase of the cycle. The
earlier section on the variance in performance fatigability across the menstrual cycle among
women suggests the differences are probably small relative to the differences between men
and women.

d. Conduct studies to bridge the knowledge gap between the sex difference of fatigability
and real world activities in healthy and clinical populations

Both men and women perform ergonomic tasks in the real world that are limited by
fatigability (100). This is especially true among clinical populations (56). Determining the
relevance of the laboratory-based tasks and fatigability that limit both sexes in ergonomic
tasks and daily activities will provide insight to offset potential injury and disorder in men
and women. Opportunities abound.

Conclusions

Sex differences in physiology and anatomy can have some profound differences on the
body's response to performance fatigability that is specific to the task demands in healthy
and clinical populations. Fatigability not only limits athletic performance and daily tasks in
some populations but is also the foundation for neuromuscular adaptation needed for
effective training and rehabilitation. Thus, in an era of greater individualized medicine and
rehabilitation after injury and in response to training, one of the most basic variants to
consider is the sex of the individual. In healthy young adults, sex differences in performance
fatigability are often observed during sustained and intermittent single limb isometric and in
some dynamic tasks. The sex difference in fatigability is dependent on the task demands so
that one mechanism is not universal. Although contractile and metabolic mechanisms are
often associated with the greater fatigue resistance of women compared with men for a range
of tasks, there are also interactions with other mechanisms, including muscle perfusion and
voluntary activation. Whether sex differences in fatigability are present and relevant among
people with disability and chronic disease is largely unknown. Several basic strategies such
as including sex as a study variable, and simply naming single sex studies in a title and
abstract, can be adopted by investigators to increase the knowledge base and understanding
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the relevance of performance fatigability in men and women. The limited knowledge of the
sex differences in fatigability in healthy and clinical population presents as a field ripe with
opportunity for high impact studies.
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Figure 1. Numbersand ratio of men and women in 200 fatigability studies (1972-2015)
A. Shown are the numbers of men and women reported in a sample of 200 studies (n = 4113

subjects total) published between 1972 and 2015 that assessed fatigability in humans. These
human studies were sampled from several muscle fatigue reviews (2, 19, 53) and a literature
search using an online data base (pubmed.org) to include data from more recent years. The
vertical bar for each sex shows the number of men and women that were in a single sex
study (black) or if both sexes were included in the study (hashed). B. Shown are the ratios of
the numbers of women-to-men in the studies for those studies published in <2000,
2001-2009 and 2010-2015. A ratio of 1 is indicated by the dashed line and represents equal
numbers of men and women. There is an increase in the number of women included in the
studies relative to men, but there are still large deficits across all the years. Each vertical bar
shows the proportion of the subjects represented in the vertical bar included in a study with
women only (black), men only (white) or both sexes included (gray). Thus, the low ratio of
women-to-men across the different years in the sample of 200 studies is largely attributed to
a greater number of studies that include men only.
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Figure 2. Sex differencesin fatigability for voluntary isometric contractions
Represented are mean data from 46 isometric contraction studies (intermittent and sustained)

published between 1975 to 2015 that assessed fatigability of men and women. Plotted is the
percentage sex difference in fatigability in each study, calculated as the mean difference in
fatigability between the men and the women as a percent of the women's value. The
fatigability values used for the calculation was either the fatigue index or time to task failure
for the sustained or intermittent isometric fatiguing contractions. The x-axis represents the
contraction intensity (percentage of maximal voluntary contraction, MV C) at which the
fatiguing contractions were performed. Upper limb muscles are represented in closed
symbols and lower limb muscles in open symbols. Back and neck muscles are represented as
grey symbols. Most data points are above the line indicating women were less fatigable than
men for many of the muscle groups. There was a significant negative relation between the
relative contraction intensity and the magnitude of the sex difference for the isometric
contractions when all muscle groups were included (/2 = 0.19). Updated and adapted (40).
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Figure 3. Mechanismsfor sex differencesin fatigability
Shown are potential mechanisms that can contribute to women less fatigable than men

during fatiguing contractions. The contribution of a potential mechanism will vary with the
task conditions and demands so that one dominant mechanism is not universal to the sex
difference in performance fatigability. A negative sign indicates that the physiological
variable or process is less in women than men and, conversely, a positive sign indicates it is
greater in women than men. Adapted from (40).
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Figure 4. Typel fiber area (%, proportional area of the sample) of skeletal musclein men and
women
The cross-sections of muscle were histochemically analyzed for myosin ATPase activity

from muscle biopsy samples of vastus lateralis (L), tibialis anterior (TA), lateral
gastrocnemius (LG) and biceps brachii (BB) of young men and young women who were
sampled in the same study. All studies included biopsies of young adults with a mean age
between 21 and 26 years for 12 of the 13 studies and 49 years (<57 years) for one study
(91). The proportional area (% area of sample) shown for the men and women in each study,
was calculated from the percentage number of fibers within a sample and the mean cross-
sectional area of each fiber type within the sample. Thirteen studies are identified on the x
axis. These studies are coded below by the muscle that was biopsied (VL, TA, LG or BB)
and a number that corresponds to the citation. The numbers of men and women biopsied in
each study are also included below and this varied between 8 and 215 men or women. The
mean (+ SEM) proportional area of type | fibers of all the muscles from the 13 studies is
plotted on the right side of the figure. Women had greater type | fiber area (%) than men for
the 13 studies when pooled (£<0.05). This graph was adapted and updated from data
previously published (40).

VL-1 (86): 37 men, 38 women (26, 25 years, respectively)

VL-2 (85): 215 men, 203 women (24, 23 years)

VL-3 and BB-3 (64): 8 men, 8 women (23, 25 years)

VL-4 (25): 20 men, 19 women (25, 23 years)

VL-5 (88): 95 men, 55 women (22, 21 years)

VL-6 (12): 8 men, 8 women (22, 22 years)

VL-7 (24): 7 men, 8 women (25, 23 years)

VL-8 (91): 22 men, 18 women (49 years, 26-57 years)

VL-9 (78): 8 men, 9 women (25, 24 years)

VL-10 (60): 12 men, 12 women (21, 22 years)

VL-11 (22): 9 men, 8 women (26, 25 years)

TA-12 (71): 15 men, 15 women (26, 23 years)
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LG-13 (57): 9 men, 43 women (27, 23 years)
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