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Abstract
Sexual dimorphism exists in numerous aspects of exercise physiology. One area that has long been debated is the
potential of sex differences in cardiac structure and function. Anthropometric differences exist between males and
females, and the relationship between absolute body size and cardiac structure dictate that men typically have larger hearts
than women. However, increasing evidence suggests that males and females may also demonstrate different cardiac
structure and function independent of body size, and it is likely that female sex hormones play a role in these differences.
The purpose of this review is to draw together and examine the literature that has compared cardiac structure and function
in men and women at rest and during exercise. We make specific reference to the influence of female sex hormones, and
discuss the confounding effects of age and training status. Wherever possible, we provide conclusive remarks. Due to the
paucity of data in this field, and general lack of consensus, the review concludes by making recommendations for
future work.
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Introduction

Regular physical activity results in cardiac adapta-
tions, such as resting bradycardia and increases in
maximal cardiac output (Ogawa et al., 1992), and is
also associated with enhanced cardiovascular (CV)
health (Erikssen, 2001). Changes in physical activity
to increase physical fitness and improve CV health
have important implications for healthy ageing
(Erikssen, 2001). Although women are generally
less physically active (Townsend et al., 2012), the
chronological decline in cardiac function and onset
of CV disease occurs almost a decade later in life
relative to men (Maas et al., 2011). The concentra-
tions of the primary female sex hormones (i.e.
oestrogen and progesterone) fluctuate across the
human lifespan and cyclical changes in hormone
concentrations over the menstrual cycle alter loading
of the heart via changes in blood volume and blood
pressure (Chapman et al., 1997; Lynn, McCord, &
Halliwill, 2007). In addition, oestrogen is now
considered cardioprotective (Luczak & Leinwand,
2009; Murphy et al., 2011) and as such, may explain
some of the differences in cardiac health between
men and women. It is likely, therefore, that the

potent effect of female sex hormones may also help
explain some of the sex differences in cardiac struc-
ture and function previously suggested in the literat-
ure (Gardin et al., 1995; Hayward, Kelly, & Collins,
2000; Luczak & Leinwand, 2009; Okura et al., 2009).
Despite a growing literature base, females are still

currently under-represented in Sport and Exercise
Medicine research (Costello, Bieuzen, & Bleakey,
2014), and whether sex differences in gross cardiac
structure and function remain after adjusting for
body size is still unclear. Such comparisons are likely
to be complicated by the fluctuations in female sex
hormones that occur across the menstrual cycle, with
the use of oral contraceptives, in response to exer-
cise-associated amenorrhoea and with the onset of
menopause. It is also probable that any differences
between men and women at rest may subsequently
influence the CV response to exercise, but this has
received even less scientific attention. Thus, the aim
of this review is to summarise and evaluate the
literature comparing cardiac structure and function
at rest and during exercise between men and
women, and to examine the influence of female sex
hormones on the heart.
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Scope of review

We have focused on cardiac investigations with direct
comparisons between healthy men and women, and
in women with varying concentrations of female sex
hormones. Much of the work completed in this field
has been limited by a small sample size and hetero-
geneity of study participants. Accordingly, where
possible, we have selected large-scale studies, and
have discussed contradictory and/or confusing
results. As our focus is specifically women and the
influence of female sex hormones, we have not
explicitly examined the influence of the male sex
hormone testosterone on cardiac physiology (McGill,
Anselmo, Buchanan, & Sheridan, 1980; Scheuer,
Malhotra, Schaible, & Capasso, 1987). For more
information on the specific cardiac effects of testo-
sterone, readers are directed to the reviews by
Hayward et al. (2000) and Luczak and Leinwand
(2009). Within this review, if possible, we draw firm
conclusions based on the existing literature. Where
consensus does not exist, we highlight the need for
further studies and make recommendations related
to future directions.

Resting cardiac structure and function in men
and women

Cardiac structure

When comparing cardiac structure between men and
women, it is essential to remember that a greater
body size is associated with a larger heart (Celentano
et al., 2003; Gardin et al., 1995; Kaku et al., 2011;
Sandstede et al., 2000). As such, many studies have
reported smaller absolute left ventricular (LV) mass
and wall dimensions in women than men (Celentano
et al., 2003; Gardin et al., 1995; Grandi et al., 1992;
Hutchinson, Cureton, Outz, & Wilson, 1991; Lang
et al., 2006; Wilhelm et al., 2011), and sex-specific
absolute reference ranges are therefore employed
when assessing cardiac pathology (Lang et al., 2006).
In an attempt to account for the effect of body size,
previous authors have often employed ratiometric
scaling of cardiac parameters to body surface area
(Dewey, Rosenthal, Murphy, Froelicher, & Ashley,
2008). Although these results are discussed in this
review and inform the current knowledge base, it is
important to note that normalising to body surface
area may not fully eliminate the impact of body size
(Dewey et al., 2008). Therefore, previous findings
need to be synthesised with caution and studies
likely need to be repeated using more appropriate
allometric scaling techniques (Batterham, George, &
Mullineaux, 1997; Dewey et al., 2008).
Notwithstanding the issues related to ratiometric

scaling, sex differences in LV mass have been shown
to persist after indexing to body surface area

(Celentano et al., 2003; de Simone et al., 1991;
Grandi et al., 1992; Hutchinson et al., 1991;
Sandstede et al., 2000; Wilhelm et al., 2011). In
fact, in one large study of young adults, differences
in LV mass were still present after adjusting for body
composition and size, blood pressure, alcohol con-
sumption, pulmonary function, smoking history,
physical activity, total cholesterol and family history
of hypertension (Gardin et al., 1995). Beyond mass,
the LV also appears to exhibit a greater ellipsoid
geometry at end-diastole in young adult men com-
pared to women (Kaku et al., 2011). Together, these
findings indicate that differences in gross cardiac
structure between men and women may not be fully
explained by body habitus. Given the potent effects
of female sex hormones on many aspects of global
(e.g. blood volume and blood pressure; Chapman
et al., 1997; Lynn et al., 2007) and cellular cardiac
physiology (e.g. inotropic state and calcium hand-
ling; Jiang et al., 1992; Parks & Howlett, 2013), it is
possible that the differences observed in structure
may be related to circulating hormones.

Cardiac function

In addition to LV mass, LV volumes at end-diastole
and end-systole, and the resultant stroke volume
(SV) are also larger in men than women (Cain et al.,
2009; Celentano et al., 2003; Hutchinson et al.,
1991; Kaku et al., 2011; Lang et al., 2006; Lynn
et al., 2007; Sandstede et al., 2000). Again, whether
these differences are simply due to body size is cur-
rently not clear and inappropriate scaling approaches
cloud the debate (Cain et al., 2009; Celentano et al.,
2003; Hutchinson et al., 1991; Kaku et al., 2011;
Lang et al., 2006; Sandstede et al., 2000). If men do
have a relatively larger SV, this may help to explain
the lower resting male heart rate (HR) observed in
some studies (Celentano et al., 2003; Fleg et al.,
1995; Hanley et al., 1989). It should be noted,
however, that similar resting HRs in men and
women have also been reported (Grandi et al.,
1992; Lynn et al., 2007; Sandstede et al., 2000).
Although consensus regarding differences in resting
HR between the sexes does not exist, it has been
shown that women have greater sympathetic (Mitoff
et al., 2011) as well as parasympathetic (Ryan,
Goldberger, Pincus, Mietus, & Lipsitz, 1994) activa-
tion of the heart. It is likely therefore, that resting
HR is modulated differently between the sexes.
The apparent discrepancies in resting SV and HR
may be attributed, in part, to the limited control
of participant characteristics in previous studies.
Age, training status and hormonal status were often
not examined or controlled in previous studies
(Celentano et al., 2003; Fleg et al., 1995; Grandi
et al., 1992; Hanley et al., 1989; Sandstede et al.,
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2000;), all of which likely influence subsequent
findings (Lynn et al., 2007).
With a lack of consensus regarding differences in

resting SV and HR between men and women, it is
not surprising that cardiac output data are also
conflicting. Previous authors have reported larger
resting cardiac output in males (Lynn et al., 2007),
whilst others maintain a lack of sexual dimorphism
regarding this variable (Sandstede et al., 2000;
Sullivan, Cobb, & Higginbotham, 1991; Yilmaz,
Buyukakilli, Gurgul, & Rencuzogullari, 2013).
Indexing cardiac output to body surface area has
resulted in values that are mostly similar between the
sexes (Carlsson et al., 2012; Hossack & Bruce, 1982;
Sandstede et al., 2000; Sullivan et al., 1991; Yilmaz
et al., 2013). Adult women, however, appear to have
a higher resting ejection fraction (EF) than age-
matched men (Cain et al., 2009; Hanley et al., 1989;
Fleg et al., 1995; Kaku et al., 2011; Sandstede et al.,
2000), even after controlling for HR, body surface
area, body mass index or fat-free mass (Bella et al.,
2006; Celentano et al., 2003). While the current data
do not permit absolute conclusions regarding HR or
relative SV and cardiac output, on balance it appears
that global parameters of cardiac function are largely
similar between men and women. Despite these
similarities, however, consistent reports of a greater
resting EF in women and differences in autonomic
regulation suggest that sex differences in cardiac
function may nonetheless exist. These findings pro-
vide impetus for future studies to closely examine
systolic and diastolic function (e.g. transmitral filling
velocities, myocardial tissue velocities and ventricu-
lar mechanics), in order to provide further insight
into the potential sex differences in cardiac function.
In addition to the influence of body size on cardiac

comparisons between men and women, age and
training status clearly affect cardiac structure and
function. Increasing age is associated with a lower
cardiac mass and reduction in function (Kaku et al.,
2011), and exercise trained men and women have a
lower resting HR and greater LV mass than their less
active counterparts (Carlsson et al., 2012; Yilmaz
et al., 2013). The impact of both of these variables
on the heart is further complicated by potential
interactions with the female sex hormones. In
women, for example, the ageing process of the heart
is mediated by the onset of the menopause and a
decreased circulating concentration of oestrogen
(Düzenli et al., 2007; Harlow et al., 2012; Schillaci,
Verdecchia, Borgioni, Ciucci, & Porcellati, 1998).
As both chronological and reproductive ageing occur
concurrently, it is extremely difficult to differentiate
the effects of low levels of female sex hormones from
those of ageing. In the following subsections, we first
discuss the direct impact of age and training status
on comparisons of cardiac structure and function

between men and women, with a focus on studies
that have not explicitly considered female sex hor-
mone concentrations. Later, we specifically address
studies that have directly explored the impact of
changes in female sex hormone concentrations across
the lifespan upon cardiac structure and function.

Interaction between age and sex on cardiac function

In contrast to the higher resting EF in women
discussed previously, other markers of systolic func-
tion, such as fractional shortening and peak short-
ening rates of the LV (de Simone et al., 1991;
Grandi et al., 1992), appear comparable between
men and women aged 18–50 years. Women, how-
ever, have faster peak lengthening rates of the LV
(Grandi et al., 1992), a higher early-to-late (E/A)
transmitral filling velocity ratio (Daimon et al., 2011)
and faster early diastolic myocardial velocities (E′;
Figure 1; Daimon et al., 2011; Okura et al., 2009),
all suggestive of a superior diastology in comparison
to men. In contrast, men have a faster late diastolic
myocardial velocity (A′), which may reflect a greater
atrial contribution in order to achieve optimal LV
filling (Wilhelm et al., 2011; Yilmaz et al., 2013).
Accordingly, it appears that women have a greater
reliance on LV relaxation during early diastole, but
men depend on LV compliance and atrial contrac-
tion during late diastole to maintain EDV. This
difference is particularly intriguing as it may indicate
a greater atrial reserve to aid LV filling during
periods of increased HR in women, such as those
experienced with exercise.
With increasing age (>50 years), fractional short-

ening, peak shortening rates of the LV and circum-
ferential end-systolic stress/end-systolic volume
index (measures of systolic function), all appear
lower in men compared with women (Bella et al.,
2006; Celentano et al., 2003; de Simone et al., 1991;
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Figure 1. Comparison of early diastolic myocardial velocity (E′)
between men and women over 10-year age ranges (from Okura
et al., 2009). Values are mean ± standard deviation. *P < 0.01.
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Grandi et al., 1992). This is in direct contrast with
measures of diastolic function, which appear to
worsen to a greater extent in women than men after
the age of 50 (Figure 1; Grandi et al., 1992; Daimon
et al., 2011; Okura et al., 2009). Thus, age appears
to impact cardiac function differentially between the
sexes with a greater decrease in systolic function in
men but a larger decrease in diastolic function in
women (Luczak & Leinwand, 2009). It is likely that
this may be attributed partly to the decline in
circulating concentrations of oestrogen with the
menopause in women, which coincidentally occurs
at an average age of 51 years (Kato et al., 1998).
Studies examining the impact of age on cardiac

function have focused primarily on adult men and
women. Of the few studies that have included
children and adolescents, many have not controlled
for maturational status (Kaku et al., 2011; Okura
et al., 2009). Those that have, however, report a
clear impact of puberty on cardiac structure and
function, as evidenced by a greater increase in LV
mass in boys than girls from the age of 12 years (de
Simone, Devereux, Daniels, & Meyer, 1995), and a
significant impact of sex on cardiac output in adults
but not in children (de Simone et al., 1997). These
results are likely related to the influence of testoster-
one in males, but it is also possible that oestrogen is a
factor that needs to be considered. Limited data are
available on the direct influence of oestrogen on
cardiac structure and function during and after
puberty. Nonetheless, the studies that have been
completed highlight the potent influence of puberty
on cardiac comparisons involving pre-, peri- and
post-pubertal children/adolescents.

Interaction between training status and sex on cardiac
structure and function

In conjunction with other known sex differences in
the physiological response to exercise training, such
as greater peripheral adaptations (i.e. arteriovenous
oxygen difference; Ogawa et al., 1992) and a higher
risk of iron deficiency in women (see review by
McClung, 2012), it is possible that cardiac adapta-
tions may also differ between men and women. A
greater cardiac hypertrophy has been suggested in a
cross-sectional study of male athletes compared to
their female counterparts in similar sporting disci-
plines (Pelliccia, Maron, Culasso, Spataro, & Case-
lli, 1996). The majority of rodent studies, however,
report a more pronounced hypertrophic response in
females (see review by Foryst-Ludwig & Kintscher,
2013). While it is difficult to directly translate
findings from animals to humans, it is clear that
further work, including well-controlled longitudinal
studies, is needed to reconcile these contrasting
results.

A lack of control of training status in many studies
may explain the ambiguity regarding resting HR
highlighted earlier, as even lower HRs have been
reported in active young men compared to their
equally active female counterparts (Yilmaz et al.,
2013). This lower resting HR in active men, coupled
with a similar normalised cardiac output between the
sexes regardless of training status (Carlsson et al.,
2012; Yilmaz et al., 2013), suggests that they may
also have a greater relative SV. Yet mixed results for
relative SV with the use of different ratiometric
scaling approaches, such as fat-free mass (Ogawa
et al., 1992) and body surface area (Yilmaz et al.,
2013) exist, highlighting the need for further inves-
tigations before conclusions can be drawn.

Impact of female sex hormones on cardiac
structure and function

Receptors for both oestrogen and progesterone have
been identified in the human heart (Ingegno et al.,
1988; Taylor, & Al-Azzawi, 2000). Research examin-
ing the influence of progesterone on cardiac function
is limited and the results inconclusive (Wittnich, Tan,
Wallen, & Belanger, 2013). Oestrogen has received
more scientific attention and is generally considered
to be cardioprotective, yet the mechanism by which it
confers protection is still under debate (Luczak &
Leinwand, 2009; Murphy et al., 2011). Notwith-
standing, it is likely that oestrogen exerts its effects
on the heart via genomic and non-genomic pathways
(Luczak & Leinwand, 2009; Murphy et al., 2011).
Animal studies have shown oestrogen to negatively
effect inotropic state (Jiang et al., 1992), down-
regulate calcium handling (Parks & Howlett, 2013)
and increase nitric oxide synthase expression (Nued-
ling et al., 1999). It may, however, be possible that
responses to oestrogen are exclusive to cells from
female hosts, as an elevated L-type Ca2+ current
density following incubation with oestrogen was only
observed in cardiomyocytes extracted from female
and not male rabbits (Yang et al., 2012). Accordingly,
any physiologic stimulus, such as puberty, menstrual
cycle or the menopause, that alters the concentration
of circulating oestrogen (Carmina, Stanczyk, & Lobo,
2014; Harlow et al., 2012), will likely impact cardiac
function and ultimately structure.

Influence of the menstrual cycle and oral contraceptives
on cardiac function

Three distinct menstrual phases exist: early follicular
(low oestrogen and progesterone); late follicular
(high oestrogen and low progesterone) and mid-
luteal (high oestrogen and progesterone; Janse de
Jonge, 2003). Blood volume and blood pressure may
be lower during the mid-luteal phase, indicative of
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changes in cardiac loading across the menstrual cycle
(Chapman et al., 1997; Lynn et al., 2007). Although
equivocal, if differences in cardiac function are present
across the menstrual cycle, it appears that systole and
diastole are enhanced during the mid-luteal phase
when oestrogen and progesterone concentrations are
high (Table I; Chapman et al., 1997; Fuenmayor,
Ramírez, & Fuenmayor, 2000; Lynn et al., 2007;
Zengin et al., 2007). It should be noted, however,
that the difficulty in accurately assessing menstrual
phase has limited the number of studies conducted
and further work is needed, especially with larger
sample sizes. It is also worthy of note that the analysis
of urinary luteinising hormone (e.g. George, Birch,
Jones, & Lea, 2000; Esformes, Norman, Sigley, &
Birch, 2006) is not sufficient to distinguish between
ovulatory and luteal phase deficient cycles in very
active women (De Souza et al., 2010). Future studies
should thus directly assess oestrogen and progesterone
concentrations to ensure that the intended phase of the
menstrual cycle is examined (Janse de Jonge, 2003).
In contrast to the large variability in levels of

female sex hormones across the menstrual cycle,
oestrogen concentrations are consistently high dur-
ing the consumption phase of monophasic oral
contraceptives and low during the withdrawal phase
(George et al., 2000). Cardiac structure and function
appear largely unchanged during these two phases
(Birch, Cable, & George, 2002; George et al., 2000).
Why the elevated levels of oestrogen present during
both, the mid-luteal menstrual phase and consump-
tion phase of oral contraceptive administration, do
not result in similar changes in cardiac function

relative to their respective low oestrogen phases is
presently not clear.

Influence of the menopause on cardiac structure and
function

As discussed earlier, ageing may influence cardiac
structure and function differentially between the
sexes (Cain et al., 2009; Carlsson et al., 2012;
Daimon et al., 2011; Fleg et al., 1995; Kaku et al.,
2011). Advancing age is also associated with changes
in circulating female sex hormone concentrations as a
result of reproductive ageing, culminating with the
menopause (Harlow et al., 2012). Menopause has
been associated with concentric LV remodelling,
characterised by greater wall thicknesses and main-
tained end-diastolic volume (EDV; Düzenli et al.,
2007; Schillaci et al., 1998), and a reduction in both
systolic and diastolic function, including the myocar-
dial performance index and the E/A transmitral filling
velocity ratio (Düzenli et al., 2007; Hayward et al.,
2000; Schillaci et al., 1998). It is difficult to show
cause and effect; however, it is possible that this
cardiac remodelling is a result of the altered hor-
monal balance associated with the menopause.
Studies examining the use of hormone replace-

ment therapy (HRT) have shown that pharmacolo-
gically reversing the menopause may slow the
negative LV remodelling (Light et al., 2001), in part
through modulation of angiotension II receptors, as
well as estrogen receptors (Xu, Arenas, Armstrong, &
Davidge, 2003). The use of HRT may also mitigate
against the associated decline in systolic and diastolic

Table I. Summary of studies that have compared cardiac structure and function during different phases of the menstrual cycle

Reference
Sample
size

Age
(years)

Menstrual cycle
phase Verification method Key findings

Chapman et al. (1997) 16 31 ± 4 Early-fol vs. mid-lut Oestrogen and
progesterone (blood)

HR: ↔
CO: early-fol < mid-lut

Fuenmayor et al. (2000) 20 29 ± 6 Early-fol vs. mid-lut Oestrogen and
progesterone (blood)

Wall thickness, EDV, ESV, EF: ↔
E/A: early-fol < mid-lut

George et al. (2000) 17 21 ± 1 Mid-fol vs. mid-lut Luteinising hormone
(urine)

LVM, wall thickness, SV, EDV, EF: ↔
E/A: trend towards mid-fol > mid-lut

Esformes et al. (2006) 8 20 ± 1 Early-fol vs. late-fol
vs. mid-lut

Luteinising hormone
(urine)

HR, CO, SV, EDV, ESV, EF: ↔

Lynn et al. (2007) 14 24 ± 4 Early-fol vs.
ovulatory vs. mid-lut

Oestrogen and
progesterone (blood)

HR: early-fol = ovulatory < mid-lut
CO: trend towards mid-lut ↑
SV: ↔

Zengin et al. (2007) 27 24 ± 6 Early-fol vs. mid-lut Oestrogen and
progesterone (blood)

MPI: mid-lut ↑

Fu et al. (2010) 11 33 ± 10 Early-fol vs. mid-lut Oestrogen and
progesterone (blood)

HR, CO, SV: ↔

Age is presented as mean ± standard deviation. Fol: follicular; lut: luteal; HR: heart rate; CO: cardiac output; EDV: end-diastolic volume;
ESV: end-systolic volume; EF: ejection fraction; E/A: ratio of peak early to late diastolic mitral inflow velocity; LVM: left ventricular mass;
SV: stroke volume; MPI: myocardial performance index.
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function (Duzenli et al., 2010; Özdemir et al., 2004).
These data are unfortunately derived from small
studies, with significant age differences between the
pre- and post-menopausal women examined, and/or
non-blindedhormone treatment groups (Duzenli et al.,
2010; Hayward et al., 2000; Özdemir et al., 2004).
More robust research is, therefore, necessary to delin-
eate the direct cardiac impact of female sex hormones
from the influence of ageing per se. With that, further
information related to older pre-menopausal women,
for example, across the menstrual cycle (Table I), is
also required. Whether the menopause is a confound-
ing variable to age- and sex-related differences in
cardiac adaptations to exercise training (Ogawa et al.,
1992) is unclear but likely will play a role.

Influence of training status on female sex hormone
concentrations

High levels of exercise training can impact circulat-
ing female sex hormone concentrations and exercise-
associated amenorrhoea has been reported in 37% of
very active women (De Souza et al., 2010). More
subtle menstrual disturbances may occur in up to
50% of active women (De Souza et al., 2010).
Accordingly, cardiac data from a female athletic
population may demonstrate even greater variability
due to the wide variation in hormonal profiles. A
striking gap in the literature exists examining the
hearts of amenorrheic women. Whilst oestrogen
deficiency associated with amenorrhoea appears to
alter vascular function (O’Donnell, Goodman, &
Harvey, 2011), it is not known whether this condi-
tion also directly affects the heart and its adaptation
to regular physical training. It is thus apparent that
the assessment of female sex hormone concentra-
tions, coupled with better control of both age and
training status in future studies, may help to recon-
cile the contradictions in the literature regarding
cardiac structure and function in men and women.

Cardiac function in men and women during
exercise

Sex differences in the direct sympathetic activation
of the myocardium (Mitoff et al., 2011) and myo-
cardial oxygen consumption (Peterson et al., 2007)
have been shown at rest. Whilst concentrations of
circulating catecholamines are similar between men
and women at rest, these levels are distinctly higher
in men during exercise (Davis, Galassetti, Wasser-
man, & Tate, 2000). Taken together, if differences
in cardiac structure and function exist at rest it is
likely that they may be exacerbated with exercise.
The few studies that have explored this largely show
similar increases in HR and scaled cardiac output
between the sexes in response to exercise (Table II; T
ab
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Aksut et al., 1996; Fleg et al., 1995;Hanley et al., 1989;
Higginbotham, Morris, Coleman, & Cobb, 1984;
Hossack & Bruce, 1982; Ogawa et al., 1992; Proctor
et al., 1998; Wiebe, Gledhill, Warburton, Jamnik, &
Ferguson, 1998; Younis, Melin, Robert, & Detry,
1990; Zwiren, Cureton, & Hutchinson, 1983). The
data related to SV and EF are, however, less clear. It is
possible that during exercise women augment EF via
an increase in EDV, men in contrast do not increase
EDV to the same degree, but rather reduce end-
systolic volume to a greater extent (Adams, Vincent,
McAllister, el-Ashmawy & Sheps, 1987; Aksut et al.,
1996; Fleg et al., 1995; Hanley et al., 1989; Higginbo-
tham et al., 1984). This would explain the greater
increase in EF from rest to peak exercise observed in
males (Figure 2; Adams et al., 1987; Aksut et al., 1996;
Fleg et al., 1995; Hanley et al., 1989; Higginbotham
et al., 1984; Sullivan et al., 1991; Younis et al., 1990).
Accordingly, it is possible that increases in cardiac
output with exercise, albeit similar between men and
women (Fu& Levine, 2005), are achieved via different
regulatory mechanisms (O’Toole, 1989).

Summary and future directions

As men typically have a larger body size than women,
it is not surprising that absolute measures of cardiac
size and output are greater in men than women.
Numerous studies have attempted to examine if sex
differences exist beyond body size, but previous
scaling techniques have not been ideal and the results
need to be interpreted carefully. Moving forward,
researchers interested in comparing male and female
hearts should attempt, where possible, to adopt
sample-specific allometric scaling to fat-free mass as
this better controls for the confounding effect of body
size (Batterham et al., 1997; Dewey et al., 2008).
Consistent reports of a higher resting EF in women

compared to men imply that sex differences in
cardiac function likely exist. Components of systolic

and diastolic function (e.g. fractional shortening and
E/A transmitral filling velocity) may be higher in
women compared to men, but this is not consistent
across the human lifespan (i.e. age-dependent) and is
likely influenced by circulating concentrations of
female sex hormones and training status. During
exercise, differences in the pattern of LV filling and
ejection characteristics between men and women
may result in different end-systolic/diastolic volumes,
and thus the EF response to exercise will also differ
between the sexes. Despite insufficient control of
participant characteristics in many studies and con-
flicting results in the literature, it is nonetheless likely
that sex differences in gross cardiac structure and
function cannot be fully explained by body size.
Further prospective work, with better control of age,
training status and circulating concentrations of
female sex hormones, is needed to improve our
understanding of the underlying factors contribut-
ing to cardiac dimorphism in men and women. In
addition, novel imaging techniques, such as three-
dimensional speckle tracking echocardiography for
the quantitative evaluation of cardiac mechanics
(Mor-Avi et al., 2011), offer an exciting possibility
to extend previous work and improve the current
understanding of regional myocardial function in
men and women.
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