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The Impact of Cardiovascular Diseases on Cardiovascular Regulation
During Exercise in Humans: Studies on Metaboreflex Activation Elicited
by the Post-exercise Muscle Ischemia Method
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Abstract: Background: Hemodynamics during dynamic exercise is finely regulated by some neu-
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ral mechanisms. One of these mechanisms is the metabolic part of the exercise pressor reflex, i.e.
the muscle metaboreflex. Hemodynamic response during the metaboreflex is characterised by the
recruitment of the reserves in cardiac inotropism, pre-load, after-load and chronotropism. If one of
these reserves is exhausted, then the cardiovascular response is achieved by recruiting one of the
other reserves, thereby indicating a remarkable plasticity of the control of circulation.

Conclusion: In this review, the effects of a number of cardiovascular diseases — such as heart fail-
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ure, heart failure with preserved ejection fraction, hypertension, type 1 and type 2 diabetes mellitus,

obesity and metabolic syndrome - on hemodynamics during the metaboreflex are reviewed.
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1. INTRODUCTION: HEMODYNAMIC REGULA-
TION DURING DYNAMIC EXERCISE IN HEALTHI-
NESS

Physical activities such as running, cycling, and rowing
require large muscle mass and produce an intense vasodila-
tion in the working muscle due to the accumulation of meta-
bolic by-products. Local metabolites production overwhelms
the exercise-induced increase in sympathetic tone, leading to
a reduction in systemic vascular resistance (SVR), a phe-
nomenon called functional sympatholysis [1, 2]. Metabolite-
induced vasodilation (i.e. SVR reduction) is a challenge for
cardiovascular regulation because it would cause a drop in
blood pressure. However, in healthy subjects, cardiovascular
control mechanisms increase cardiac output (CO), thereby
keeping mean blood pressure (MAP) at a stable level or even
moderately increasing it [3-5].

This fine hemodynamic tuning is under the control of
some neural mechanisms that guarantee blood supply to ex-
ercising muscle and avoid excessive MAP changes. There
are at least three neural mechanisms contributing to this car-
diovascular adjustment: 1) exercise pressor reflex, 2) central
command, and 3) arterial baroreflex [6, 7]. The medulla
oblongata contains the major nuclei that control blood pres-
sure and the cardiovascular system and is responsible for the
integration and elaboration of signals arising from these
three neural mechanisms [8, 9]. It is commonly believed that
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the central command establishes a basal level of sympathetic
activity and vagal withdrawal on the basis of the intensity of
the effort and of the motor drive from the motor cortex. This
basal level of autonomic activity is then adjusted on the basis
of signals arising form the arterial baroreflex and from the
working muscle, i.e. the exercise pressor reflex [10, 11].

In short, the cardiovascular control areas of the medulla
oblongata are activated by regions of the brain responsible
for motor unit recruitment which in turn set a basic level of
sympathetic activation and vagal withdrawal. This auto-
nomic modulation is then finely adjusted by the exercise
pressor reflex on the basis of peripheral signals arising from
mechano- and metabo- receptors (type III and IV nerve end-
ings) within the muscle. These receptors gather information
on the mechanical and metabolic status of the working mus-
cle and reflexively adjust autonomic activity and adrenal
epinephrine releases [6, 12, 13]. The autonomic response
arising from the central command and the exercise pressor
reflex is in turn modulated by baroreflexes, which oppose
any mismatch between SVR and CO by controlling muscle
vasodilation and cardiac chronotropism [7, 14-19].

Autonomic adjustments arising from the activity of cen-
tral command, exercise pressor reflex and baroreflex ulti-
mately regulate all the main hemodynamic modulators:
myocardial inotropism, cardiac preload, cardiac afterload
(i.e. SVR), and heart rate (HR).

In this review, we will briefly address the role played by
neural feedback arising from the metabolic part of the exer-
cise pressor reflex, the so-called muscle metaboreflex. This
reflex has been demonstrated as important in the pathophysi-
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ology of exercise intolerance of several cardiovascular and
metabolic diseases such as heart failure, heart failure with
preserved ejection fraction, hypertension, type 1 and type 2
diabetes mellitus, obesity and metabolic syndrome.

2. MUSCLE METABOREFLEX IN CARDIOVASCU-
LAR REGULATION DURING EXERCISE IN
HEALTHINESS

Alam and Smirk [20, 21] provided the first evidence that
metabolic reflex arising from skeletal muscle adjusts hemo-
dynamics during exercise. Following this seminal research, a
great bulk of evidence demonstrated that group III/IV affer-
ents within the muscle gather information about the meta-
bolic condition of the working muscle and are responsible
for cardiovascular reflex [6, 22, 23]. This reflex was then
termed muscle metaboreflex. It was later also demonstrated
that mechanical changes in muscles and tendons elicit car-
diovascular reflex, and this was termed mechanoreflex.
These two reflexes of muscular origin together constitute the
exercise pressor reflex.

Type III/IV afferents act as receptors and collect infor-
mation concerning the mechanical and metabolic conditions
of contracting muscles. This information is then sent to car-
diovascular controlling centres located in the medulla oblon-
gata, where the information is integrated and elaborated. In
turn, the cardiovascular medullary centres organise the
hemodynamic response to exercise on the basis of the me-
chanical and metabolic status of the working muscle.

There are many putative metabolic by-products able to
activate the metaboreflex, such as lactic acid, potassium,
bradykinin, arachidonic acid products, ATP, deprotonated

hosphate and adenosine. Furthermore, investigations with

'P nuclear magnetic resonance spectroscopy have reported
that the metaboreflex can be elicited by decrements in intra-
muscular pH [23-26]. It is still a matter of debate whether or
not the metaboreflex is tonically activated even for mild ex-
ercise intensities or whether it is activated only when blood
flow to the muscle is insufficient to warrant oxygen delivery
and/or metabolites washout.

The typical hemodynamic response due to metaboreflex
activation is an increase in MAP. In healthiness, in order to
reach the target MAP the metaboreflex recruits the func-
tional reserve of all four hemodynamic modulators: myocar-
dial contractility, cardiac preload, afterload and chronotro-
pism [6, 16, 27-40]. Thus, from the available literature it can
be gleaned that the hemodynamic response to metaboreflex
activation is a highly integrated phenomenon where a com-
plex interplay between cardiac performance, preload, after-
load, and HR occurs to achieve the normal cardiovascular
response to exercise.

However, in several clinical situations one or more of
these variables is impaired and cannot be recruited. Situa-
tions such as myocardial systolic and diastolic dysfunctions,
hypertension, metabolic diseases (type 1 and type 2 diabetes
mellitus and metabolic syndrome), as well as neurological
diseases (multiple sclerosis, spinal cord injured patients, ezc.)
have all been associated with metaboreflex malfunction and
abnormal hemodynamic response [2, 31, 32, 37, 41-53].
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In this review, we will briefly address the consequence of
these pathologies on the cardiovascular response during me-
taboreflex. The aim is to provide the basic understanding of
the human physiopathology of metaboreflex functioning and
of its dysregulation due to impairment in one or more of the
four hemodynamic modulators.

3. MUSCLE METABOREFLEX AND THE RESERVE
IN MYOCARDIAL CONTRACTILITY

Relevant evidence has been provided in support of the
hypothesis that activation of the metaboreflex recruits myo-
cardial inotropism. Most of this evidence is derived from
studies conducted in the animal setting, whereas less infor-
mation is available for humans [16, 30, 39, 40, 54-56]. Ex-
periments in animals, as well as in humans, indicate that in
healthiness cardiac performance is enhanced during meta-
boreflex due to sympathetic tone augmentation; that is, the
cardiac reserve of inotropism is recruited to support stroke
volume (SV) and CO to achieve the target MAP during me-
taboreflex, whereas an insignificant role appears to be played
by vasoconstriction, i.e. by SVR increments [16, 29, 30, 33,
39, 40, 56]. On the contrary, when inotropism cannot be en-
hanced, such as during chronic heart failure (CHF), this
hemodynamic scenario is subverted. Data from the O’Leary
laboratory, where canine CHF models were utilised, have
shown that the limited capacity to enhance ventricular per-
formance contributes to the inability to increase CO. This
leads to an increase in SVR as the main mechanism by
which the target MAP was reached during metaboreflex [49,
55, 57, 58]. Similar results have been obtained in humans
suffering from CHF. In these patients, Crisafulli and co-
workers [40] found a MAP response not different from that
of normal individuals. However, CHF patients had an exag-
gerated increase in SVR without any increment in cardiac
contractility, SV and CO during metaboreflex. The authors
concluded that CHF patients were still able to increase MAP,
but that there was a functional shift from a flow-mediated
(i.e. CO-increase) to a vasoconstriction-mediated hemody-
namic mechanism [41].

Th authors speculated that the exhausted contractility
reserve of CHF patients was responsible for the phenome-
non, although what caused such hemodynamic alterations
was not totally understood because the limited pre-load re-
serve (i.e. the Frank-Starling mechanism) was also probably
exhausted in these patients. It is worth noting that, despite the
inability to increase SV, the metaboreflex in these patients
was still able to elicit a MAP response similar than that of
normal individuals, although the sustained SVR was harmful
for exercise performance and probably contributed to early
fatigue during exertion. The authors also speculated that
when cardiac performance cannot be enhanced, the cardio-
vascular apparatus responds to exercise and metaboreflex by
excessively increasing SVR in an attempt to achieve the tar-
get MAP.

A remarkable phenomenon was that in CHF patients who
received a heart transplant, which ameliorated their heart
functions and exercise capacity, an improvement in cardio-
vascular response to muscle metaboreflex activation was
also observed [59]. The improved exercise capacity reported
after heart transplant was accompanied by a gradual reduc-
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tion in vasoconstriction in response to muscle metaboreflex.
It took about 6 months to reverse this exaggerated vasocon-
striction. As previously explained, a functional shift from
flow-mediated to vasoconstriction-mediated mechanism is a
hallmark of hemodynamic dysregulation in CHF patients
during metaboreflex [41]. This finding suggested that, fol-
lowing heart transplant, the cardiovascular dysregulation
present before heart transplant tended to normalise, but not
immediately after transplant, i.e. after that cardiac function
was improved. Thus, other factors are probably responsible
for hemodynamic dysregulation during exercise in CHF pa-
tients. In particular, the muscle hypothesis of CHF postulates
that a change in periphery rather than in left ventricular per-
formance itself may limit exercise capacity. The muscle hy-
pothesis suggests that alterations in skeletal muscle mor-
phology, metabolism and blood flow may render the meta-
boreflex hyperactive because of skeletal muscle alterations
[42, 43]. Results from the quoted study of heart transplant
patients appear to confirm this hypothesis.

In summary, during muscle metaboreflex an increase in
myocardial inotropism takes place because of sympathetic
activation. The recruitment of cardiac performance sustains
SV and CO and limits vasoconstriction. When there is no
reserve in cardiac inotropism available, then the hemody-
namic response to metaboreflex activation relies on a vaso-
constriction-mediated rather than a flow-mediated mecha-
nism.

4. MUSCLE METABOREFLEX, VENOUS RETURN,
HEART DIASTOLIC FUNCTION AND THE RE-
SERVE IN CARDIAC PRELOAD

Reports from experiments in the animal as well as in the
human setting suggest that metaboreflex is able to induce a
sympathetic-mediated venoconstriction and splanchnic vaso-
constriction which together increase ventricular filling pres-
sure thereby enhancing venous return [31, 35, 40, 56, 60].
The enhanced venous return results in blood volume “cen-
tralisation”, which supports SV and CO during metaboreflex.
Impairments in venous return and diastolic capacity of the
heart lead to a reduction in the SV response during meta-
boreflex and cause a shift from a flow-mediated to a vaso-
constriction-mediated mechanism to reach the target blood
pressure level [31, 37, 61].

In patients with spinal cord injury (SCI), Crisafulli and
co-workers [31] reported a dysregulated hemodynamic re-
sponse in comparison with controls during metaboreflex. In
detail, SCI patients showed a blunted blood pressure re-
sponse compared with non-injured individuals. Moreover,
while in normal subjects the blood pressure response mainly
relied on a flow-mediated mechanism (i.e. CO increment),
SCI subjects were unable to increase CO because of the di-
minished capacity to increase SV. Moreover, the authors
found that the blunted CO response was not counterbalanced
by a proportional increment in SVR, which was insufficient
to compensate for the reduced CO. Therefore, in SCI pa-
tients there are at least two different hemodynamic impair-
ments during metaboreflex: 1) reduced capacity to centralise
blood volume and enhance cardiac preload, and 2) reduced
sympathetic-mediated arteriolar vasoconstriction. Both phe-
nomena explain the lower MAP increments in response to
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the metaboreflex of these patients. The authors claimed that
the described hemodynamic dysregulation was the conse-
quence of the altered control over the cardiovascular system
due to the loss of innervation below the level of the spinal
lesion.

Interestingly, in a subsequent paper, the same group ob-
served that in SCI patients a period of training (one year)
could successfully improve hemodynamics, with increased
MAP and CO during metaboreflex activation [62]. The
authors were able to detect enhancements in ventricular fill-
ing rate and end-diastolic volume after training, which were
probably the consequence of improved capacity to vasocon-
strict the venous beds, which in turn reduced venous pooling
and increased venous return. The authors speculated that this
cardiovascular adaptation to training was possibly the conse-
quence of a combination of an enhanced diastolic function of
the heart, an augmented level of circulating catecholamines
and of a more efficient myogenic response to transmural
pressure at venous level.

The importance of venous return is also supported by a
recent study conducted in healthy individuals taking a ve-
nous-dilating agent (i.e. sublingual isosorbide dinatrate) [33].
In this investigation, an impaired SV response during meta-
boreflex activation was found because of a combination of
shortening in diastolic time, as a consequence of tachycardia,
and a reduction in the ability to propel blood volumes to-
wards the heart because of venous dilation. Both phenomena
together concurred in reducing cardiac preload and limited
the possibility of recruiting the Frank-Starling mechanism
during metaboreflex.

Furthermore, it should be highlighted that, along with
venous return, myocardial diastolic functions are important
for normal hemodynamics during metaboreflex. Recent in-
vestigations in elderly but otherwise healthy subjects [37]
indicated that with ageing, a reduction in early diastolic mi-
tral inflow velocity took place during metaboreflex in com-
parison with young individuals. At the same time, the atrial
contribution to ventricular filling increased with age. This
was the consequence of impaired myocardial relaxation and
increased ventricular stiffness in aged individuals. The
authors claimed that their results supported the concept that
one aspect of the ageing heart is that cardiac compliance
decreases. They further pointed out that impairment in dia-
stolic functions in the elderly caused a reduction in SV and
CO during metaboreflex, thereby shifting from a flow-
mediated to a vasoconstriction-mediated mechanism for
reaching the target MAP. On the contrary, in young healthy
subjects the main mechanism through which the blood pres-
sure response was achieved was a flow-mediated (i.e. CO-
mediated) mechanism obtained by means of preload incre-
ment. Hence, adequate ventricular compliance and cardiac
filling are essential for normal hemodynamics during meta-
boreflex.

To further support the notion that the reserve in cardiac
preload and the possibility of recruiting the Frank-Starling
mechanism are important during metaboreflex, there is a
very recent investigation in patients with heart failure with
preserved ejection fraction (HFpEF) [61]. In this study, the
authors discovered that diastolic dysfunction impaired
hemodynamics during metaboreflex by precluding the possi-
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bility of recruiting the preload reserve. Thus, the Frank-
Starling mechanism was not available and SV and CO could
not increase. The authors were able to demonstrate that pa-
tients with HFpEF did not show any increment in end-
diastolic volume and ventricular filling rate during metabore-
flex, whereas these parameters were enhanced in a control
group. The result was that, in HFpEF patients, SV could not
increase but actually decreased. This was in sharp contrast to
what was observed in healthy control patients, where SV
increased. The impaired diastolic function of HFpEF patients
caused a functional shifting from a flow-mediated (i.e. CO-
increase) to an SVR-mediated mechanism (i.e. vasoconstric-
tion) through which the target blood pressure response was
obtained during metaboreflex.

Collectively, all these data support the notion that in hu-
mans the preload reserve and the heart diastolic functions are
as important as the inotropic reserve for having normal
hemodynamics during metaboreflex activation. If there is
inadequate ventricular compliance and/or an impaired car-
diac filling, then CO cannot be sustained via the Frank-
Starling mechanism and the target MAP is reached by means
of exaggerated arteriolar vasoconstriction, i.e. SVR increase.
This is in line with the concept that, in healthy individuals,
the hemodynamic response to metaboreflex relies mainly on
a flow-mediated mechanism rather than on vasoconstriction
[16, 28, 54, 55]. In contrast, if the functional reserve in SV
and CO cannot be elicited, then SVR increment becomes the
pivotal mechanism through which the target blood pressure
is achieved during metaboreflex [41-43].

5. MUSCLE METABOREFLEX AND THE RESERVE
IN CARDIAC AFTERLOAD (SYSTEMIC VASCULAR
RESISTANCE)

As previously stated, together with inotropic and preload
reserves, the afterload reserve in healthiness is also recruited
to reach the target MAP during metaboreflex. However, sev-
eral clues in animals, as well as in humans, suggest that arte-
riolar constriction (i.e. SVR increment) is not the main
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mechanism through which metaboreflex operates to increase
blood pressure. Rather, the reserve in vasoconstriction is
recruited whenever one or more of the other functional re-
serves (i.e. inotropism and preload) are impaired and can no
longer be recruited.

In animal models of metaboreflex activation it has been
reported that cardiovascular response to metaboreflex relies
mainly on CO during mild exercise, whereas peripheral
vasoconstriction becomes more important as exercise inten-
sity rises [60, 63-65]. It was then suggested that if the
inotropic reserve of the heart is not fully exploited, as during
mild exercise, then the subsequent metaboreflex-induced
MAP response relies mainly on CO. Contrarily, when the
inotropic reserve is fully utilised, as during strenuous efforts,
then metaboreflex relies mainly on peripheral vasoconstric-
tion. Hence, it is likely that the degree of recruitment of the
SVR reserve (i.e. the degree of vasoconstriction) depends on
the possibility of increasing CO which, in turn, depends on
the availability of contractility and preload reserve. Similar
findings have been reported in healthy humans [29, 30, 34],
thereby indicating that the cardiovascular apparatus operates
with remarkable plasticity to regulate cardiovascular re-
sponse to metaboreflex and that, in the presence of an avail-
able cardiac reserve in terms of inotropism and preload, the
flow-increased mechanism is preferentially used rather than
peripheral vasoconstriction (Fig. 1).

Studies conducted on canine models of CHF have shown
that the limited capacity to enhance ventricular performance
contributes to the inability to increase CO and that this
causes excessive vasoconstriction and increases in SVR dur-
ing metaboreflex [55, 57, 58]. These early findings in ani-
mals were confirmed in humans suffering from CHF [41],
where activation of the metaboreflex produced an increase in
blood pressure similar to that observed in healthy individuals
but with a completely different hemodynamic adjustment.
Indeed, in CHF patients, the rise in MAP was the result of a
sympathetic-mediated increase in SVR, whereas in normal
controls it was the result of CO elevation, thus confirming
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Fig. (1). Normal hemodynamic modulation during metaboreflex activated by the post-exercise muscle ischemia (PEMI) method. In healthi-
ness, during PEMI-elicited metaboreflex the functional reserves of three of the four hemodynamic modulators (inotropism, preload and after-
load) are recruited, whereas the reserve in chronotropism cannot be investigated. The target blood pressure level is achieved mainly by
inotropism and preload adjustments, while little role is played by the reserve in afterload.
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observations made in dog models of CHF [41]. The authors
concluded that in CHF contractility could not increase during
metaboreflex and that this dysfunction led to a reduction in
SV and CO. Thus, in humans suffering from CHF, there was
a functional shift from a flow-mediated to a peripheral-
mediated mechanism (i.e. arteriolar constriction) to reach the
target MAP. However, the authors pointed out that the lim-
ited capacity to increase SV could also be due to an ex-
hausted reserve of cardiac preload in CHF [41]. To date and
to the best of our knowledge, no one has assessed the impor-
tance of diastolic impairment in the abnormal response to the
metaboreflex of CHF patients, although a recent investiga-
tion underscored a similar hemodynamic scenario in patients
suffering from HFpEF [61]. It is to be noted that results in
humans were in good accordance with the notion that CHF
causes exaggerated vasoconstriction in response to meta-
boreflex which, contrary to metabolic vasodilatation due to
functional sympatholysis, also vasoconstricts the working
muscle and does not allow improvement in muscle perfusion
[66, 67]. This fact may contribute to the early exertional fa-
tigue often reported by these patients [42, 43]. Therefore,
CHF may be considered a disease that disrupts the normal
plasticity of circulatory response to metaboreflex and to ex-
ercise, constituting an integrated response involving the re-
cruitment of the functional reserves in myocardial contractil-
ity and preload, which are exhausted in these patients.

While the exaggerated SVR increments are well de-
scribed in CHF, in the recent past several investigations have
reported that augmented vasoconstriction in response to me-
taboreflex can also be responsible for abnormal hemodynam-
ics in other cardiovascular diseases. In particular, although
not unanimously, several recent papers have reported that
excessive sympathetic activity occurs during metaboreflex in
hypertension [46, 51-53, 68, 69]. This may lead to detrimen-
tal effects, such as elevated SVR, which in turn causes ex-
cessive vasoconstriction and elevated blood pressure. Like-
wise, scientific evidence shows elevated MAP response and
exaggerated sympathetic tone in response to metaboreflex in
some metabolic pathologies such as obesity, metabolic syn-
drome and type 2 diabetes mellitus [47, 70, 71].

Moreover, as previously shown, results in the elderly but
otherwise healthy subjects indicated that ageing impairs
heart diastolic functions and caused a functional shift from a
flow-mediated (i.e. CO increase) to a vasoconstriction-
mediated (i.e. SVR increase) mechanism through which the
target MAP is achieved during metaboreflex [37]. This oc-
currence is in line with the concept that ageing results in
cardiovascular stiffening, with progressive alterations of
measures of ventricular filling and relaxation, and that
healthy older adults show impaired vasodilatory response
[72, 73]. Furthermore, this finding supports the concept that,
whenever the inotropic and/or the preload reserve are un-
available, then mechanisms controlling hemodynamics re-
cruit the reserve in afterload, i.e. arteriolar vasoconstriction.

An excessive increase in SVR during metaboreflex was
also recently discovered in a study of patients with multiple
sclerosis [44, 45]. The authors speculated that this exagger-
ated SVR response was probably the consequence of the
physical deconditioning of these patients, which caused a
shift in fibre type composition from type I to a greater pro-
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portion of type II fibres, thereby inducing a more pro-
nounced production of metabolic by-products in the muscle,
which in turn caused a more robust metaboreflex engage-
ment. However, this hemodynamic scenario did not change
after a 6-month programme of physical intervention which
was able to increase physical capacity in these patients [45].
This finding seems to contradict the concept that decondi-
tioning is the main cause of the excessive vasoconstriction in
the arteriolar bed of patients suffering from multiple sclero-
sis. Thus, further research is necessary in order to better un-
derstand which mechanism leads to exaggerated SVR incre-
ments during metaboreflex in these patients.

While most of the clinical situations studied were charac-
terised by an increase in SVR response to metaboreflex, less
research has been conducted in pathologies which possibly
lead to a reduced capacity to increase afterload. A peculiar
hemodynamic scenario was observed in young patients with
type 1 diabetes mellitus (DM1) [32]. These patients were
found to have a blunted MAP response during metaboreflex
recruitment compared with healthy controls. In detail, they
showed a reduced capacity to vasoconstrict the arteriolar bed
which was compensated by a higher SV response and a more
evident CO during metaboreflex. Hence, cardiovascular
regulation was somewhat altered in these patients. The
authors hypothesised that some form of autonomic failure
was present in DM1 patients even in the absence of an overt
autonomic neuropathy. One explanation for this phenome-
non was that repeated episodes of overt or sub-clinical hypo-
glycemia may have reduced the capacity to activate the sym-
pathetic tone, thereby leading to autonomic failure, a phe-
nomenon already reported in DM1 patients [32, 74, 75]. This
impaired hemodynamics was well tolerated by these patients
probably because they were young. However, the authors
suggested that this condition could progressively deteriorate
and progressively lead to symptomatic manifestations of
sympathetic deficit.

It should be stressed that, to the best of our knowledge,
there is no research dealing with metaboreflex in patients
suffering from sympathetic deficits such as pure autonomic
dysfunction, Parkinson's disease, etc.

6. METABOREFLEX AND THE CHRONOTROPIC
RESERVE

Most of our understanding of the HR response in humans
during metaboreflex is based on investigation conducted
with the post-exercise muscle ischemia (PEMI) method.
There is a general consensus that HR does not take part in
the hemodynamic response during PEMI. This is because
during PEMI an increment in the parasympathetic tone takes
place due to two distinct phenomena: intense arterial barore-
flex stimulation because of sustained blood pressure and
withdrawal of the central command on cessation of exercise
[12, 14-16, 29, 30, 35, 76, 77]. The consequence is that, in
the PEMI setting, the parasympathetic tone rises and ob-
scures the effect of the metaboreflex-induced sustained sym-
pathetic tone on the sinus node. Thus, concomitant sustained
parasympathetic and sympathetic tones occur and this ex-
plains the lack of HR response [12, 15, 78]. It should how-
ever be noted that a significant inter-subject variability has
been reported and that tachycardia may be present in some
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Fig. (2). If cardiac contractility and or preload reserves are exhausted during PEMI, the possibility of having a flow-mediated blood pressure
increase is precluded. The hemodynamic consequence is that the target blood pressure is reached by recruiting the reserve in cardiac after-
load (i.e. systemic vascular resistance increase). In this case, systemic vascular elevation becomes the main mechanism through which car-

diovascular reflexes operate to adjust hemodynamics.

subjects [79]. Different HR behaviour is on the other hand
present if metaboreflex is evoked by inducing muscle ische-
mia during exercise. In this condition, HR does increase
[34], thus suggesting that muscle ischemia during muscle
contraction is capable of eliciting chronotropic stimulation
and that the lack of HR response during PEMI is actually to
be ascribed to the high parasympathetic tone which takes
place in this setting (Fig. 2).

Hence, studies conducted with PEMI can explore the
reserve of only three of the four hemodynamic modulators:
inotropism, preload, and afterload, whereas the reserve in
chronotropism cannot be investigated. In this regard, it
would be useful to conduct a study in humans with artificial
pace-makers to verify which hemodynamic strategy is
adopted when HR is fixed and cannot increase during meta-
boreflex activated during exercise by inducing muscle
ischemia. To the best of our knowledge, to date no one has
conducted such a study.

CONCLUSION AND FUTURE DIRECTIONS

Collectively, data obtained in humans during metabore-
flex elicited by means of the PEMI method indicate that
hemodynamic regulation is characterised by a remarkable
level of plasticity. A high level of integration of cardiac per-
formance, preload and afterload exists. Indeed, when cardiac
contractility cannot be enhanced, the possibility to increase
SV and CO is precluded. As a consequence, the target blood
pressure is reached by recruiting the reserve of cardiac after-
load (i.e. arteriolar vasoconstriction). Likewise, if the reserve
in cardiac preload is exhausted and/or if venous return is
impaired, then SVR elevation is the main mechanism
through which the cardiovascular reflexes operate to adjust
hemodynamics. Hence, impairments in the capacity to in-

crease SV and CO are compensated by exaggerated arteriolar
constriction.

It seems that in healthy subjects the preferred cardiovas-
cular adjustment is a flow-mediated (i.e. CO-mediated)
mechanism obtained by recruiting the inotropic and preload
reserves whereas, when these reserves can no longer be used,
SVR increment becomes pivotal in hemodynamic response
during PEMI. In a clinical perspective, PEMI may be rou-
tinely employed to evaluate patients with cardiovascular,
metabolic and nervous problems. However, to date, there are
no standard references of normality. Therefore, studies
aimed at defining normal hemodynamics during PEMI, char-
acterising abnormal responses and verifying whether hemo-
dynamics abnormalities can be reverted are claimed. Little is
known about the relevance of metaboreflex impairments for
patients’ prognosis. Association between the depletion of
peripheral muscle mass and metaboreflex overactivity and
exercise limitation in patients with CHF have been observed.
It appears that progression of the CHF syndrome is related to
peripheral muscle maladaptive changes, with altered auto-
nomic reflex control [43, 50, 80]. Importantly, it also appears
that physical training can partially reverse this condition [43,
80]. However, studies dealing with the effects of training on
hemodynamic response during the PEMI test are very scarce
and are limited to CHF.

Finally, the PEMI method is usually applied in patients in
limited muscle mass and after exercise at mild intensity (af-
ter handgrip at 30% of maximum). This avoids excessive
stresses in the cardiovascular system of these patients,
thereby allowing its use even in individuals with compro-
mised circulation. However, the reverse of the coin is that we
do not know much about hemodynamic dysregulation after
exercise at higher intensities.
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