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Abstract

Over the past several decades, it has become increasingly clear that women have distinct
cardiovascular profiles compared to men. In this review, our goal is to provide an overview of the
literature regarding the influences of female sex and reproductive hormones (primarily estradiol)
on mechanisms of cardiovascular control relevant to regulation of blood pressure, body
temperature and cerebral blood flow. Young women tend to have lower resting blood pressure
compared with men. This sex difference is reversed at menopause, when women develop higher
sympathetic nerve activity and the risk of systemic hypertension increases sharply as
postmenopausal women age. Vascular responses to thermal stress, including cutaneous
vasodilation and vasoconstriction, are also affected by reproductive hormones in women, where
estradiol appears to promote vasodilation and heat dissipation. The influence of reproductive
hormones on cerebral blood flow and sex differences in the ability of the cerebral vasculature to
increase its blood flow (cerebrovascular reactivity) are a relatively new area of investigation. Sex
and hormonal influences on integrative blood flow regulation have further implications during
challenges to physiological homeostasis, including exercise. We propose that increasing awareness
of these sex-specific mechanisms is important for optimizing healthcare and promotion of
wellness in women across the lifespan.
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Introduction

The cardiovascular and autonomic nervous systems work together as major integrators of
physiological homeostasis in humans. The regulation of blood flow throughout the tissues of
the organism is central to the maintenance of integrative homeostasis, including optimizing
the levels of blood pressure and body temperature. In the present discussion, our goal is to
provide a brief review and update of these mechanisms with a specific focus on
cardiovascular control mechanisms in women, and the impact of the female sex on
cardiovascular function and cerebrovascular responsiveness across the lifespan.

Autonomic nervous system and cardiovascular control

The autonomic nervous system regulates blood pressure via central and peripheral
mechanisms. At the level of the heart, autonomic nerves control both heart rate and cardiac
contractility. Sympathetic post-ganglionic nerves increase heart rate and cardiac contractility
via -1 adrenergic receptor binding. Thus, increased cardiac sympathetic activity results in
increased cardiac output (CO) by both increases in heart rate and stroke volume. In humans,
the primary cardiovascular effect of parasympathetic activity is via vagal innervation of the
heart. The vagus nerve innervates the sinoatrial (SA) and atrioventricular (AV) nodes and
has the effect of slowing down heart rate. Since the vagus nerve is tonically active in healthy
humans, decreases in its activity can increase heart rate relatively rapidly.

Sympathetic nerve activity (SNA) also influences the state of constriction or dilation of
peripheral blood vessels, thus controlling peripheral vascular resistance. SNA is an
important contributor to peripheral vascular resistance. Post-ganglionic vascular sympathetic
nerves release noradrenaline, which causes vasoconstriction via binding to a-adrenergic
receptors at the vascular smooth muscle, thus increasing vascular resistance in the area of
innervation. Because most vascular sympathetic nerves exhibit tonic baseline activity, these
nerves have the ability to either increase or decrease peripheral vascular resistance by
increasing or decreasing, respectively, their activity. A detailed discussion of the integrative
mechanisms of sympathetic and parasympathetic neural control of blood pressure is beyond
the scope of the present review; the interested reader is referred to several comprehensive
reviews (1-3).

The autonomic nervous system has important roles in the regulation of both blood pressure
and body temperature in humans, and often these two sets of mechanisms overlap. Changes
in blood pressure are sensed by arterial baroreceptors, located at the carotid sinuses and the
aortic arch, which send information to central autonomic nuclei including the nucleus tractus
solitarii (NTS) of the medulla and the paraventricular nucleus (PVN) of the hypothalamus
(2, 4). The central autonomic nuclei then activate efferent autonomic pathways, which work
to “buffer”, or minimize, changes in blood pressure by activating or de-activating
sympathetic and parasympathetic pathways. The baroreflex responsiveness, or sensitivity,
can be measured as the response of an output variable (such as heart rate, sympathetic nerve
activity or vascular resistance) to a given change in blood pressure. Baroreflex sensitivity in
control of heart rate (cardiovagal sensitivity) is decreased in young women compared to men

FASEB J. Author manuscript; available in PMC 2022 February 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Barnes and Charkoudian Page 3

(5), whereas sympathetic baroreflex sensitivity tends to be similar between the sexes until
after menopause, when sensitivity decreases in women (5).

Changes in body temperature are primarily integrated at the preoptic area of the anterior
hypothalamus (PO/AH), which receives afferent information from peripheral
thermoreceptors (6). The PO/AH also responds to its own (local) temperature, which is
reflective of the temperature of the body core (7, 8). Increases in body temperature elicit heat
dissipation responses which, in humans, are primarily sweating and cutaneous vasodilation.
Decreases in body temperature elicit cutaneous vasoconstriction and shivering, which act to
decrease heat dissipation and increase heat generation, respectively (6, 8, 9). As discussed
below, the female sex hormones estradiol and progesterone have significant influences on
control of human body temperature (10, 11). However, the overall capacity for
thermoregulation (maintenance of body temperature) does not appear to be different between
the sexes, with a possible exception of very high intensities of exercise in very hot and
humid environments (12).

Important examples of overlap in autonomic regulation of blood pressure and body
temperature can occur at both extremes of the thermal environment. For example, in hot
environments, large amounts of blood flow are redirected to the skin circulation to aid in
heat dissipation. Because the cutaneous circulation is relatively compliant, and contains
venous plexuses which are designed to increase the volume of blood in the skin at any given
time, the redirection of blood flow to the skin can cause a marked decrease in the amount of
venous return for a given level of CO (13, 14). Reduced venous return can lead to a marked
decrease in orthostatic tolerance and thus, the experience of feeling dizzy or fainting while
upright becomes much more common during exposure to hot environments (15, 16).

The converse situation is also true — the cutaneous vasoconstriction that occurs with cold
exposure is effective in increasing the insulative properties of the skin and decreasing heat
loss to the environment. However, the same vasoconstriction might increase cardiac
afterload in a manner that would predispose someone to an increase in cardiovascular risk
(risk of acute hypertensive events), particularly in older individuals or in those already being
treated for systemic hypertension. This integrative pathophysiology likely contributes to the
increased risk of cardiovascular events in cold environments, for example, when older
people are shoveling snow in the winter (17, 18).

Neural-hemodynamic balance and blood pressure regulation in men and

women

The female sex is associated with some specific biological differences in neurovascular
control mechanisms, many of which appear to be dependent on the reproductive hormone
estradiol. For example, the extent to which B-2 adrenergic vasodilation contributes to total
peripheral resistance (TPR) in women is quantitatively greater in young women compared to
young men (1, 19), a phenomenon which has extensive implications for cardiovascular
health in both young and older men and women.
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Over the last 2 decades, we and others have been interested in evaluating the mechanisms
for, and implications of, potential differences between men and women in the regulation of
arterial blood pressure. Our original questions stemmed from the classic observation that
there is significant inter-individual variability in resting levels of vascular SNA across
young, healthy subjects with similar, normal blood pressure values (20). Furthermore, even
though vascular SNA itself can cause large increases in blood pressure, there is no
relationship between the resting levels of this activity and blood pressure. In investigating
potential mechanisms for this apparent paradox, we noted that in young, healthy men, there
was an inverse relationship between resting CO and resting vascular SNA (21). Vascular
SNA was positively related to TPR, and it appeared that the pressor effects of higher SNA
were offset by lower levels of CO. Since women tend to have lower resting levels of both
CO and SNA, we hypothesized that women would have a similar inverse CO-SNA
relationship, but shifted to lower values.

We were surprised, therefore, to see no relationship between CO and SNA or between SNA
and TPR in our groups of young healthy women (22). We noted an earlier study (23) in
which young women were shown to have blunted forearm vasoconstrictor responses to intra-
brachial infusions of noradrenaline compared to young men. In that study, blockade of -
adrenergic receptors eliminated the sex differences, suggesting p-mediated vasodilation was
offsetting some of the vasoconstriction in the women (23). We therefore followed up on
those observations to test whether systemic B-blockade via propranolol would have similar
effects on the whole-body SNA-TPR relationship that local p-blockade had in the forearm.
Systemic B-adrenergic blockade with propranolol caused the SNA-TPR relationships in
young women to look more similar to those seen in young men and older women, suggesting
that estrogen and p-adrenergic vasodilation are major factors that minimize the pressor
effects of vascular sympathetic adrenergic neural activity (24).

In a follow up study, intravenous trimethaphan was used to systemically block autonomic
ganglia in order with to evaluate the extent to which SNA supports blood pressure in young
and older women (25). We found that blood pressure dropped about 3 times more in older
women compared to younger women (~29 vs ~9 mmHg) during trimethaphan infusion.
Furthermore, the extent of the drop in blood pressure was significantly related to the resting
activity of sympathetic nerves across subjects. This finding supports the idea that the higher
SNA seen in post-menopausal women is a contributor to the higher risk of systemic
hypertension in this group (25).

In young women, the balance between SNA and TPR relationship may be altered by oral
contraceptives. Harvey and colleagues reported similar muscle SNA between a group of
young women taking oral contraceptives and a group with regular menstrual cycles, but
found that arterial pressure was significantly (~4 mmHg) higher in the oral contraceptive
group (26). There is also evidence that autonomic support of blood pressure is influenced by
cardiorespiratory fitness in young women, such that those with higher aerobic fitness have
an attenuated response to ganglionic blockade using trimethaphan; interestingly, the
association with cardiorespiratory fitness is not observed in older women (27). Taken
together, these results give insight into the complex interactions among sex hormones,
cardiorespiratory fitness, and autonomic regulation of blood pressure.
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Although outside the scope of the present discussion, female reproductive hormones also
exert important influences on fluid volume regulation, an additional variable important to the
integrative control of systemic blood pressure in humans. For example, both estrogen and
progesterone alter osmatic regulation of vasopressin, which can lead to fluid retention in
some circumstances (28). The interested reader is referred to comprehensive reviews on this
topic (29, 30).

Responses to thermal stress in young and older women

In young women, body temperature is ~0.5 °C higher in the mid-luteal phase of the
menstrual cycle, when progesterone and estrogen are elevated, compared to the early
follicular phase, when hormone levels are relatively low. Studies from the 1980s and 90s
showed that this shift in body temperature is part of a larger, integrative shift in
thermoregulation. Cutaneous vasodilation, sweating, cutaneous vasoconstriction and
shivering are all shifted to higher body temperatures during the mid-luteal compared to the
early follicular phase (31-33). When women take exogenous hormones in the form of oral
contraceptive pills, similar shifts are observed, particularly when so called “combination”
oral contraceptive pills that include both estrogen and progestin are taken (34-36).

The shift in thermoregulation to higher body temperatures seems to be specific to
progesterone or the combination of progesterone plus estrogen, since estrogen alone appears
to have a pro-vasodilation, pro-heat dissipation effect. In post-menopausal women, for
example, addition of estrogen-only hormone replacement therapy (HRT) shifted cutaneous
vasodilation and sweating to lower body temperatures, such that heat dissipation was
initiated earlier (37). Furthermore, addition of progesterone to the HRT reversed the effect
(38). Thus, the pro-vasodilator effects of estrogen that are seen in many other areas of
cardiovascular function are also seen in the skin circulation as related to regulation of body
temperature.

Whether the influences of female hormones extend to a broader sex difference in
thermoregulation in the heat is a separate question. Overall, there is no evidence to suggest
that thermoregulation is impaired in women relative to men in most environmental
conditions when factors such as aerobic capacity, heat acclimation status and hydration are
appropriately accounted for (reviewed in (39, 40)). On average, women sweat less than men,
but also have higher surface area to mass ratios. Thus, women’s blood flow responses may
be more optimized in some circumstances compared to similar environmental heat exposure
in men. Ultimately, the net effect of anatomical and/or physiological differences between the
sexes on thermoregulation appears to be minimal in most “real-life” scenarios.

Thermal stress and cerebral blood flow

Observational and experimental thermoregulation studies have revealed symptoms
suggestive of changes in cerebral blood flow (including dizziness, confusion) and symptoms
known to alter cerebral blood flow (hyperventilation, respiratory-induced alkalosis,
dehydration, central hypovolemia, increased SNA). Passive heat stress experiments have
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demonstrated reductions in cerebral blood flow, especially when combined with other
physiological or environmental challenges (41).

The majority of studies that investigate passive heat stress and cerebrovascular control have
evaluated men only, making it difficult to determine if the known influence of sex hormones
on thermoregulation, also impacts the cerebral circulation. In the available studies in men,
there have been contrasting results for the effect of aging on the cerebral blood flow
responses to heat stress. For example, passive heat stress resulted in a slight reduction in
cerebral blood flow in older men, but this was only apparent during upright posture (42).
Lucas et al. reported minimal differences in middle cerebral artery (MCA) blood velocity
during hyperthermia in either young or older men (43). However, as mentioned earlier, the
influence of other physiological factors associated with passive heat stress on cerebral blood
flow regulation further complicates these assessments (see Bain et al. for review (41)). For
example, during passive heat stress, the increases in the external carotid artery (ECA) blood
flow was not associated with the changes in the internal carotid artery (ICA) blood flow to
(44). During exercise-induced hyperthermia, there are reciprocal shifts in regional blood
flow distribution, such that flow through the ICA is decreased, but balanced by the increased
flow through the ECA which may help dissipate excess heat to the skin on the face and
protect the brain (45).

In addition to examining the impact of passive heat stress on cerebral perfusion, cerebral
autoregulation and cerebrovascular reactivity have been evaluated. Cerebral autoregulation is
the ability of the cerebral circulation to maintain blood flow despite fluctuations in systemic
perfusion pressure. Cerebral autoregulation is reportedly unaltered by thermal stress (46,
47), but there is little agreement regarding the best method to use to quantify cerebral
autoregulation, especially during physiological perturbations (48). Cerebrovascular
reactivity is often defined as the ability of the cerebral vasculature to respond to vasoactive
stimuli. When using changes in arterial CO, as the stimulus to measure cerebrovascular
reactivity, many studies show no change in cerebrovascular reactivity (49, 50), whereas
others report increases (43) or even decreases in cerebrovascular reactivity (51). Thus, the
existing data suggests that thermal stress challenges cerebral blood flow regulatory
mechanisms, but more research is needed to understand the interaction of thermoregulation
and cerebrovascular regulation.

Cerebrovascular responsiveness in young and older men and women

Global cerebral blood flow at rest is reduced in older adults(52), but the age-associated
decline in global cerebral blood flow is only significant in women (53). Therefore, these
age-associated declines in cerebral blood flow have a greater impact on women and may, in
part, underlie the higher risk of stroke and cognitive decline in women relative to age-
matched men (54, 55). In addition to resting measures of cerebral blood flow,
cerebrovascular responsiveness can be quantified by evaluating the cerebral blood flow
response to a stimulus to quantify cerebrovascular health. Reduced cerebrovascular
reactivity to arterial CO, is associated with future risk of cerebrovascular disease (56).
Previous studies have shown that cerebrovascular reactivity to hypercapnia is impaired with
advancing age (57-59). Similar to cerebral blood flow changes, it has been suggested that
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this age-associated decline in cerebrovascular reactivity may be driven by the decreases
occurring primarily in women (60), with young women having higher cerebrovascular
reactivity compared with age-matched men (61).

The age-associated changes in cerebral blood flow and cerebrovascular reactivity occur
around the age of menopause (53, 60). Yet, within postmenopausal women, cerebrovascular
reactivity was higher in women who were taking menopausal HRT (60). There have also
been reports that both acute estrogen (62, 63), and 12 months of menopausal HRT, increase
regional and global cerebral blood flow (64). Collectively, this suggests that treatment with
sex hormones (primarily estrogen and progesterone) might offer a neuroprotective effect, at
least on the cerebral vasculature. Remaining unanswered questions are whether the higher
cerebrovascular reactivity measured during menopausal HRT is maintained after cessation of
hormone treatment or what formulation of menopausal HRT is most beneficial for brain
health.

Many reports on the effects of menopausal HRT come from short-term interventions, non-
randomized studies, or employ a variety of hormonal formulations (65). Even after the
Women’s Health Initiative study, which included a clinical trial, there were conflicting
recommendations regarding the use of menopausal HRT to prevent cardiovascular disease.
The major criticism of this study was that HRT was initiated late in the menopausal
transition. Therefore, the influences of long-term menopausal HRT use, when initiated
shortly after the onset of menopause, are not clear (66). Furthermore, whether menopausal
HRT use is beneficial for the cerebral circulation and brain health was unknown. In order to
address this question, women who had previously participated in the Kronos Early Estrogen
Replacement Study (KEEPS), where they were randomized to receive either oral conjugated
equine estrogen, transdermal 17R-estradiol, or placebo for four years, were re-evaluated 3
years after the trial ended (67). Three years after cessation of hormone or placebo treatment,
there were no significant group differences in aortic hemodynamics (68) or cerebrovascular
reactivity (69). However, there was a trend for higher cerebral artery blood velocity and
cerebrovascular conductance at rest, which could reflect higher global cerebral blood flow in
the combined menopausal hormone groups (oral conjugated equine estrogen and
transdermal 17R-estradiol). Additionally, repeated measures analysis revealed a marginal
sustained effect of higher cerebral artery blood velocity during hypercapnia and a trend for
greater cerebrovascular reactivity in the combined hormone group (69). Importantly, these
data are the first to report on the potential sustained effects of long-term menopausal HRT
three years after cessation of treatment. While menopausal HRT use in postmenopausal
women is associated with elevated cerebrovascular reactivity, comparable to values in
premenopausal women (60), the effect is only marginal in the years after cessation of
menopausal HRT. Likewise, menopausal HRT initiated early in menopause did not reduce
cerebrovascular reactivity, although more research is necessary to explore the potential
underlying mechanisms of the responses to menopausal HRT. These data are further
supported by studies showing no differences between treatment groups in global brain
volume and cognitive function 3 years after menopausal HRT cessation (70).

Prior studies have shown an age-related decline in cerebrovascular reactivity in women,
compared with men, and that current treatment with exogenous sex hormones in
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postmenopausal women is associated with higher cerebrovascular reactivity (60). One
question that remains is whether young premenopausal women have better cerebrovascular
control mechanisms compared to men due to the availability of estrogen? Because young
women have higher global cerebral blood flow at rest compared with age-matched young
men (53), estrogen availability is often cited as having a mechanistic role in the differences
in cerebral circulatory control between males and females (71).

Pre-clinical studies in animal models consistently shows several sex differences in the
cerebral blood vessels. For example, isolated cerebral arteries from rats demonstrate sex
differences in wall structure, as well as a shift in stress-strain curves and a lower
autoregulatory range in female vessels (72). Other studies have shown that isolated cerebral
vessels from females exhibit greater vasodilation compared with male vessels (73, 74). Yet,
both estrogen and androgen receptors are present in both male and female cerebral arteries
(75) and may influence vascular tone in isolated middle cerebral artery segments (76).
Estrogen can augment the production and activity of nitric oxide (NO), vasodilating
prostaglandins and endothelial-derived hyperpolarizing factor (EDHF) (77), whereas
androgens reduce EDHF and increase the vasoconstrictor thromboxane (78, 79). Therefore,
higher circulating estrogen and estrogen receptor signaling may contribute to lower
cerebrovascular tone and greater cerebrovascular dilation in response to vasoactive stimuli.

The above discussion suggests that sex influences cerebral artery structure and function, but
sex differences in cerebrovascular control mechanisms in men and women are less clear.
Some studies have reported higher cerebrovascular reactivity to hypercapnia in young
women compared with young men (60, 61); yet, more recent studies have reported higher
cerebrovascular reactivity in young men compared with young women (58, 77, 80) or no
change in cerebrovascular reactivity (81). It is important to note that any potential sex
differences in cerebrovascular reactivity may be influenced by alterations in
chemosensitivity to hypercapnia between men and women (82). Sex differences in other
aspects of cerebrovascular control have been reported, including cerebral blood velocity
responses to changes in posture (83, 84). These studies suggest that young men demonstrate
an increase in cerebrovascular resistance (vasoconstriction) compared with age-matched
premenopausal women in response to postural changes, which is consistent with reports of
more frequent orthostatic intolerance in women. Along these lines, sex differences in young
adults in measures of cerebral autoregulation have also been reported (85-87), but results are
inconsistent, making it difficult to determine possible underlying mechanisms. In older
adults, Deegan et al. reported higher cerebral autoregulation in postmenopausal women
compared with age-matched men (88). Additionally, it is important to note that sex
differences in cerebrovascular responses to physiological challenges (including postural
changes or hypercapnia) may be influenced by SNA. Controversy remains regarding the role
and influence of sympathetic innervation of the cerebral vessels on these measurements, and
experiments are confounded by cerebrovascular sensitivity to CO, and cerebral
autoregulation (for further review see (89, 90)). These uncertainties add to the complexity of
understanding the influence of SNA on sex differences or age-related changes in
cerebrovascular responsiveness.
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Another factor that contributes to the lack of consensus regarding sex differences in the
cerebral circulation in humans is that the ability to accurately quantify cerebral blood flow
responses in humans is inherently difficult. Often, quantifying cerebral blood flow or
cerebrovascular responsiveness is based on the blood velocity through a single cerebral
artery (often the MCA), and relies on the assumption that vessel diameter remains constant.
This assumption has been recently challenged with high resolution MRI data demonstrating
that the MCA diameter changes during hypercapnia in some populations of adults (58, 91,
92). Additionally, sex differences could be exaggerated if the vessel sizes are also different
between men and women. To address this, Miller et al. recently used state-of-the-art MRI
analysis to quantify cerebral blood flow through the MCA at rest, and in response to
hypercapnia using 4D flow MRI in healthy humans (58). On average, the cross-sectional
area of the MCAs was slightly larger in young men compared with young women. Upon
further analysis of the right and left MCA separately, we found that there was a trend for
greater cerebral dilation of the left MCA during hypercapnia in men compared with women,
although the high variability in cerebrovascular responsiveness may mean that this study
could be underpowered to adequately assess sex differences in MCA dilation (93).

In addition to the technique used to measure cerebral blood flow, the conflicting findings
may be due to differences in menstrual cycle control in young women, as Krejza et al.
reported that cerebrovascular reactivity varied throughout the cycle, with regional
differences between the right and left hemispheres (94). In all of our work, women were
studied during the same phase of the menstrual cycle (early follicular phase or placebo phase
of the menstrual cycle) in attempt to minimize the variation in sex hormones. Other groups
have reported that cerebrovascular variables are only minimally influenced by menstrual
cycle phase (83, 85). Thus, it is unclear if sex hormone concentrations explain the previously
reported differences in cerebrovascular control between young men and women.

As mentioned above, MRI-based studies on cerebral blood flow at rest report greater
cerebral perfusion in young women compared with young men (53). This is consistent with
the lower cerebrovascular tone observed in female animals compared with male animals and
more constricted cerebral arteries found in ovariectomized females (74). Therefore, another
interpretation of the findings of that cerebrovascular reactivity in women is lower than men
is that young women may exhibit less responsiveness to hypercapnia, which is supported in
the rat model (95). This may mean that a greater CO, stimulus is necessary to initiate
vasodilation in females compared with males. Overall, much is unknown regarding the
underlying mechanisms of sex differences in control of the cerebral circulation, and more
research is necessary to understand the sex-specific risk for stroke and cognitive decline.

Influences of exercise and cardiorespiratory fitness

All of the cardiovascular and cerebrovascular mechanisms discussed here have implications
for optimal physiological function during exercise. The influences of sex and reproductive
hormones on exercise performance are often viewed from the perspective that women may
be “less able” than men to perform certain tasks. For example, it was historically assumed
(or estimated based on anecdotal information) that women were less able to thermoregulate
effectively during exercise in the heat. This type of assumption led to women being banned
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Summary,

from participation in marathons in the early part of the 20t century and were not allowed to
“legally” compete until 1976 (96). However, when potential confounders are accounted for,
the only scenario in which women appear to be at a slight disadvantage compared to men in
terms of ability to dissipate heat (due to lower maximal evaporative sweat loss) appears to
occur at very high intensity exercise in the heat (12, 39).

Indeed, women may have thermoregulatory advantages or disadvantages (or both) compared
with men depending on the specifics of the circumstances (40). Higher surface area to mass
ratio is an advantage for heat dissipation, as long as ambient temperature and humidity allow
for heat transfer to the environment at the level of the skin. Interestingly, when behavioral
aspects of thermoregulation are included, women appear to have an advantage in
thermoregulation during prolonged endurance events. For example, there is some evidence
that women follow more effective strategies for pacing and hydration during long distance
events, thus optimizing their ability to maintain body temperature within a safe range (97,
98).

The observed sex differences in control of arterial blood pressure may also be influenced by
exercise or cardiorespiratory fitness. As previously discussed, our recent work has shown
that fitness, measured by maximal aerobic capacity (VO,max) is associated with baseline
muscle SNA and influences sympathetic control of blood pressure (27). This is in contrast to
previous studies conducted using mostly young men showing no influence of fitness on
baseline muscle SNA (99).

In the cerebral circulation, there is conflicting evidence regarding the role of
cardiorespiratory fitness. Some studies report that endurance-trained individuals have greater
cerebrovascular reactivity (100) or no differences in cerebrovascular reactivity (101) or that
cerebrovascular reactivity is positively associated with VO,max (102, 103). In addition,
trained men have greater MCA blood velocity throughout the lifespan compared to
sedentary men (104). Importantly, all of the aforementioned studies included both men and
women in a combined group (100, 102), or only included men (101, 103, 104). Recent work
from Labrecque et al. demonstrated that cerebral autoregulation was reduced in highly fit
young women, suggesting that cardiorespiratory fitness may impact cerebral autoregulatory
mechanisms (86). Therefore, more information is necessary to understand the interaction
between sex differences and fitness on the control of the cerebral circulation.

conclusions and future directions

Cardiovascular control mechanisms are central to the integrative regulation of blood
pressure, body temperature and brain function (Figure). Prior to menopause, women have
significantly lower risk of systemic hypertension compared to men of similar age and health
status. This appears to be due to differences in sympathetic control mechanisms, where
women tend to have less resting activity of sympathetic vasoconstrictor nerves and
noradrenergic vasoconstriction is offset by augmented p-adrenergic vasodilation in young
women. Around the time of menopause, with decreasing estrogen levels, this augmented
vasodilation is lost, and sympathetic nerve activity increases, leading to increased risk of
systemic hypertension in women in older age groups. Thermoregulatory vasodilation
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(primarily in the skin circulation) is also augmented by estradiol in younger women, and by
estrogen replacement therapy in older women. The reproductive hormone effects on
thermoregulation do not appear to result in major sex differences in the ability to
thermoregulate under most conditions and activity levels.

Although there are still many aspects that remain to be investigated, the structure and
function of the cerebral circulation are clearly affected by sex and circulating estradiol.
There is some debate in the literature regarding the extent to which young men and women
have different cerebrovascular reactivity to hypercapnia or cerebral autoregulation, but
emerging evidence suggests that there are sex differences in the control of the cerebral
circulation. The current lack of clarity in the literature is in part because of differences in
measurement techniques among studies, and lack of control for menstrual cycle phase in
some, but not all, studies in this area.

In broad terms, the pro-vasodilatory effects of estradiol, via p-adrenergic vasodilation, nitric
oxide, EDHF and other mechanisms, appear to be protective in young women in terms of
ability to prevent systemic hypertension and regulate body temperature. In young women,
the influences of estradiol on control of the cerebral circulation may be more subtle and
reports are more varied. More consistently, menopausal hormone replacement therapy has a
positive effect on cerebrovascular reactivity, which may provide beneficial clinical effects in
terms of brain blood flow and cognitive function with increasing age.
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Figure.
Conceptual overview of the reproductive hormone effects on cardiovascular regulation that

may influence integrative physiological regulation of blood pressure, body temperature and
cerebral blood flow in women. The vasodilation promoting influence of estradiol is usually
an advantage for women in terms of blood pressure regulation, whereas the net effects of
female sex or estradiol are less clear with regard to thermoregulation and cerebrovascular
control.
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