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Abstract We hypothesized that the role of stroke volume
(SV) in the metaboreflex-induced cardiac output (CO)
increase was blunted when the metaboreflex was stimu-
lated by exercise muscle ischemia (EMI) compared with
post-exercise muscle ischemia (PEMI), because during
EMI heart rate (HR) increases and limits diastolic filling.
Twelve healthy volunteers were recruited and their hemo-
dynamic responses to the metaboreflex evoked by EMI,
PEMI, and by a control dynamic exercise were assessed.
The main finding was that the blood pressure increment
was very similar in the EMI and PEMI settings. In both
conditions the main mechanism used to raise blood pres-
sure was a CO elevation. However, during the EMI test CO
was increased as a result of HR elevation whereas during
the PEMI test CO was increased as a result of an increase
in SV. These results were explainable on the basis of the
different HR behavior between the two settings, which in
turn led to different diastolic time and myocardial
performance.

Keywords Blood pressure - Exercise - Impedance
cardiography - Myocardial contractility - Cardiac preload
Introduction

The muscle “metaboreflex”, a reflex evoked by those
afferent nerve endings sensitive to accumulation of muscle

A. Crisafulli (?<) - F. Piras - M. Filippi - C. Piredda -

P. Chiappori - F. Melis - R. Milia - F. Tocco - A. Concu
Section of Human Physiology, Department of Science Applied
to Biological Systems, University of Cagliari,

Via Porcell 4, 09124 Cagliari, Italy

e-mail: crisafulli @tiscali.it

metabolic end-products, is attracting growing interest in the
scientific community because it is thought to contribute
significantly to cardiovascular regulation during exercise
by providing continuous feedback to the cardiovascular
control areas about the metabolic status of contracting
muscles [4, 26, 30, 31, 35, 36].

Our group has recently conducted several experiments
on humans to investigate the hemodynamic effect of the
metaboreflex recruitment by using the method of post-
exercise muscle ischemia (PEMI) after dynamic exercise
[6-10]. From these experiments it became apparent that,
at least for healthy individuals, the blood pressure incre-
ment occurring during the metaboreflex obtained by
means of PEMI is mainly the result of a flow-mediated
mechanism, i.e. a rise in cardiac output (CO), whereas
peripheral vasoconstriction has little or no effect. Rather,
the latter mechanism is predominant when no further
reserve of myocardial contractility is available, for
example in heart failure patients [8]. The CO elevation is,
in turn, the consequence of an increased stroke volume
(SV), which takes place because of an improvement in
myocardial performance and cardiac filling. Moreover,
from our experiments and from results from other inves-
tigators [19, 25, 26, 37] it seems well established that in
the PEMI setting heart rate (HR) cannot participate in the
flow-mediated response because withdrawal of central
command at the end of exercise and increased baroreflex
activity enhance the parasympathetic tone and counter-
balance the increased sympathetic outflow, thus prevent-
ing HR from increasing in response to the PEMI
maneuver.

However, to date there is little understanding of how SV
and HR combine to affect CO during the metaboreflex. It is
possible that the increase in SV we described in our pre-
vious reports was a consequence of HR behavior, because
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it is likely that the lack of cardio-acceleration in response
to PEMI led to a prolonged diastolic time (DT), which, in
turn, improved ventricular filling, thereby recruiting the
Frank-Starling mechanism and enhancing myocardial
performance and SV [1, 6, 9, 33]. In fact, it is well known
that the role of SV varies with the possibility of elevating
HR, because tachycardia reduces DT and consequently
ventricular filling. Thus, changes in HR and SV may
oppose each other [15] and their combined effect should
therefore be investigated. Actually, in our previous inves-
tigations we never found any difference in HR behavior
between PEMI and control recovery, whereas we often
found enhanced myocardial performance and SV. Thus, it
may be that our results were affected by the particular HR
behavior induced by the PEMI maneuver, i.e. it may be that
the relative bradycardia induced by PEMI may have
improved cardiac pre-load and increased SV.

Thus, we wondered whether the SV response observed
in our previous experiments would have been the same if
the metaboreflex was recruited when an HR increment was
still possible. This particular situation can be investigated
when the metaboreflex is elicited during dynamic exercise,
i.e. by trapping the circulation of the working muscle. In
this setting the central command is still operating and HR
has been reported to be capable of increasing in response to
the metaboreflex recruitment [26], whereas, to the best of
our knowledge, no one has ever reported that the central
command activation improves myocardial performance
and/or cardiac filling. Hence, during exercise ischemia the
central command and the metaboreflex may exert opposite
effects on SV, because the former may reduce DT and
cardiac filling, thereby limiting the possibility of increasing
SV, whereas the latter may improve both cardiac perfor-
mance and cardiac filling.

This study was designed to address the hypothesis that
the SV response differs depending on the setting of the
metaboreflex activation. In particular, we hypothesized
that, if the metaboreflex was stimulated during dynamic
exercise then the role of SV in the CO increment would be
blunted compared with the metaboreflex elicited by means
of the PEMI maneuver, because in this setting it was likely
that tachycardia limited ventricular filling.

Methods

Study population

Twelve healthy males between the ages of 26 and 45
(mean =+ standard error of the mean (SEM) 33.2 £+
1.8 years), whose height and body mass were 174.5 +

14 cm and 73 £+ 2.4 kg, respectively, volunteered as
subjects. All were physically active and none had any
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history of cardiac or respiratory disease or was taking any
medication and none showed any abnormalities on physical
examination. The study was performed according to the
Declaration of Helsinki and was approved by a local
ethics committee. All subjects gave written informed
consent.

Experimental design

All experiments were carried out in a temperature-con-
trolled air-conditioned room (temperature set at 22°C and
relative humidity 50%). Each subject performed the fol-
lowing rest-exercise-recovery sessions on three separate
days (the interval between tests was at minimum 2 days),
randomly assigned to eliminate any order effect:

1. Post-exercise muscle ischemia session (PEMI session):
3 min of resting, followed by 3 min of exercise,
consisting of a rhythmic handgrip achieved by squeez-
ing the balloon of a sphygmomanometer (30 squeezes/
min) at 30% of the predetermined maximum capacity,
followed by 3 min of PEMI on the exercised arm. At
the end of the strain PEMI was induced by rapidly (in
<3 s) inflating an upper arm biceps tourniquet to
50 mmHg above peak exercise systolic pressure. The
cuff was kept inflated for 3 min. Three minutes of
recovery were further allowed after the cuff was
deflated, for a total of 6 min of recovery. We chose
this procedure (mild dynamic arm exercise followed
by PEMI) to recruit the metaboreflex because in
previous studies [6, 8] it was demonstrated to be able
to evoke the hemodynamic adjustments we were
seeking in this investigation, i.e. a flow-mediated
blood pressure response during the metaboreflex
engagement. Moreover, this mild effort enabled exer-
cising during muscle ischemia, which was applied in
the protocol session described below.

2. Exercise muscle ischemia (EMI) session: the same
rest-exercise-recovery procedure used for PEMI was
performed. However, in this session muscle ischemia
was induced in the exercising arm by inflating the
biceps tourniquet to 50 mmHg above systolic pressure
at the start of exercise. Then, at the end of effort the
tourniquet was deflated and 6 min of recovery was
allowed.

3. Control exercise-recovery session (CER session): the
same rest-exercise-recovery procedure used for PEMI
and EMI was performed without tourniquet inflation.
The CER session was introduced to gather control
hemodynamic data in a situation which did not recruit
the metaboreflex.

As can be inferred, the length of each procedure was the
same (i.e. 12 min).
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Assessment of physiological variables

Hemodynamic data were measured by using the impedance
method, which was previously used in similar experiments
dealing with the metaboreflex, with good reproducibility
and accuracy [6-10]. In the last few years we have
developed a method for processing impedance data during
which we eliminated from hemodynamic calculation traces
affected by impedance artefacts, thus obtaining reliable and
reproducible hemodynamic estimates. This data-acquisi-
tion procedure is described in detail elsewhere [5-10].
Briefly, by using an impedance cardiograph (NCCOM 3;
BoMed, Irvine, CA, USA) we obtained analog traces of
electrocardiogram, thorax impedance (Z;), and Z; first
derivative that were stored by means of a digital chart
recorder (ADInstruments, PowerLab 8sp, Castle Hill,
Australia). The Sramek—Bernstein equation [3] was then
used to calculate beat-to-beat SV from stored impedance
traces. Also calculated was the pre-ejection period/left
ejection time ratio (PEP/VET), which has been reported to
be inversely correlated with the angiographic ejection
fraction (r = —0.90) and is an inverse index of cardiac
performance [22]. Moreover, we assessed DT by sub-
tracting the sum of PEP and VET from the cardiac cycle
total period, and, by dividing SV by DT, obtained the
ventricular filling rate (VFR), which is a measure of the
mean rate of diastolic blood flux [5, 10, 14]. HR was cal-
culated as the reciprocal of the electrocardiogram R-R
interval and CO was obtained by multiplying SV x HR.

Subjects were also connected to a manual sphygmo-
manometer to measure systolic and diastolic blood pres-
sure, which was taken by the same physician throughout all
protocol sessions. Mean blood pressure (MBP) was cal-
culated by use of the formula of Moran and co-workers
[23], which takes into account changes in the diastolic and
systolic periods caused by exercise tachycardia. Systemic
vascular resistance (SVR) was calculated by multiplying
the MBP/CO ratio by 80, where 80 is a conversion factor to
change units to standard resistance units.

Pulmonary ventilation (Vg), oxygen uptake (VO,), and
carbon dioxide production (VCO,) were measured
throughout tests by use of a breath-by-breath metabolic
measurement system (MedGraphics Breeze, St Paul, MN,
USA) calibrated immediately before each protocol session.
To obtain an index of metabolite production, we also cal-
culated the excess CO, production (COpexcess) as follows:

COZexcess - (VCOZ - RERrest X VOZ);

where RER,. is the respiratory exchange ratio at rest.
COsexcess is an index of HT and lactic acid production,
because, at tissue pH, lactic acid dissociates and produces
H™, which is buffered by HCO;™ and other cell buffers.
The quantity buffered by HCO5; ™ leads to H,COs, which in

turn, dissociates into H,O and CO, [2] Thus, an excess of
CO; is produced and is superimposed on the CO, which
normally results from aerobic metabolism.

Data analysis

Beat-to-beat hemodynamic and breath-by-breath ventila-
tory data were averaged for 3 min. Data are reported as the
mean + SEM percentage changes from corresponding rest
values. We chose to perform statistics on percentage
changes instead of absolute data because the mild exercise
performed by subjects was expected to cause only slight
changes in hemodynamics. Thus, percentage changes
enabled curtailing of inter-individual variance and high-
lighting of small perturbations better than absolute values.
Because rest values of COpqxcess Were clearly equal to O, for
this variable we reported absolute values instead of per-
centage changes from rest. Commercially available soft-
ware (GraphPad Prism 4) was used for statistical
calculations. Comparisons were performed using two-way
analysis of variance (ANOVA) for repeated measures
(factors: condition and time) followed by the Bonferroni
post-hoc test when appropriate to compare corresponding
time points between conditions, whereas the Dunnett post-
hoc test was used to compare variables’ response with
corresponding rest values. Statistical significance was set at
a p value of <0.05 in all cases.

Results

All subjects completed the protocol and none complained of
unbearable pain or discomfort during the periods of arm
circulatory occlusion. No significant differences between
rest variables before the three tests were observed (Table 1),
thus tests started from similar hemodynamic and ventilatory
conditions. Figures 1, 2 and 3 depict circulatory and ven-
tilatory percentage changes from baseline during each
protocol session.

In detail, Fig. la shows that HR increased during all
exercise sessions compared with the rest level. However,
this increment was more evident during the EMI test, when
HR reached higher levels than at the corresponding time-
points of both the PEMI and the CER tests. Then, during
the recovery period, HR returned to values no different
from baseline. SV (Fig. 1b) was stable throughout all
protocol sessions with the remarkable exception of the
period of circulatory occlusion of the PEMI test, when SV
rose in comparison with the rest level and also compared
with the corresponding time-points of both the EMI and
CER tests. Figure 1c depicts the time course of CO, which
increased during all exercise tests compared with baseline.
This elevation was more pronounced during the EMI test

@ Springer



388

J Physiol Sci (2011) 61:385-394

Table 1 Mean values &= SEM

of variables during rest PEMI test CER test EMI test P

preceding handgrip tests HR (beats min~") 65.6 + 2 63.8 + 2.3 61.6 + 2.5 NS
SV (ml) 71.8 £ 29 68.5 + 22 69 + 2.5 NS
CO (I min™") 47 402 43402 42401 NS
PEP/VET 0.49 + 0.02 051 + 0.02 0.51 + 0.03 NS
DT (ms) 495 + 28.7 528.6 + 32.4 570.8 + 41.3 NS
VER (ml 5% 1487 £ 113 135.8 + 102 1292 +93 NS
MAP (mmHg) 85.6 + 1.9 85.5 + 2.9 88.5 + 2.1 NS
SVR (dynes s cm™) 1488.6 + 73.2 1606.9 + 106.1 1702.6 + 69.3 NS
VO, (ml min~") 267.6 + 22 248.9 + 18.8 271.1 + 26.9 NS
VCO, (ml min~") 231.7 + 224 211.6 £ 188 235.5 + 26.8 NS
Ve (I min~") 8.62 £ 0.68 8.28 + 0.74 8.56 + 1.03 NS

EEE PEMI

g CER
=EMI

1Y

% of rest

(9]

% of rest

rest exe

Fig. 1 Time courses of heart rate (HR, a), stroke volume (SV, b),
cardiac output (CO, ¢), and the inverse of myocardial contractility
(PEP/VET, d) during rest, exercise, and recovery in all protocol
sessions. Horizontal dashed lines identify the variables’ resting levels.

than in the PEMI and the CER tests. During the recovery
periods from both the EMI and the CER tests, CO
decreased toward the pre-exercise level. Differently, during
the period of metaboreflex stimulation of the PEMI test CO
remained higher than the rest value. PEP/VET (inversely
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Values are mean £ SEM percentage changes from the corresponding
rest values. *p < 0.05 versus rest; 1np < 0.05 versus CER test;
p < 0.05 versus PEMI test; *p < 0.05 versus EMI test

related to myocardial performance) significantly decreased
(i.e. cardiac performance increased) compared with base-
line during the exercise period of the EMI test and during
the period of circulatory occlusion of the PEMI test
(Fig. 1d).
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Fig. 2 Time courses of diastolic time (DT, a), ventricular filling rate
(VFR, b), mean arterial pressure (MAP, c¢), and systemic vascular
resistance (SVR, d) during rest, exercise, and recovery in all protocol
sessions. Horizontal dashed lines identify variables’ resting levels.

Figure 2a shows that DT significantly dropped during the
exercise phase of the EMI test compared both with baseline
and with the corresponding time-points of both the PEMI
and the CER tests. Furthermore, DT rose during the phase of
metaboreflex stimulation of the PEMI test. VFR (Fig. 2b)
was enhanced during the period of metaboreflex stimulation
of the EMI test in comparison with rest level and the other
two tests. VFR also increased compared with baseline dur-
ing the metaboreflex stimulation of the PEMI test. In all
protocol sessions, during the handgrip strains MAP
increased from rest level (Fig. 2c), but this increment was
more pronounced during the EMI test than during the other
protocol sessions. Moreover, during the period of muscle
ischemia of the PEMI test MAP was elevated compared both
with rest and with the CER test. Figure 2d reveals that SVR
was not statistically different among the protocol periods.

Finally, in all exercise runs VO,, VCO,, and Vg
increased similarly compared with the rest values (Fig. 3a—c,
respectively), without any detectable differences among
conditions. COpexcess (Fig. 3d) increased during the exer-
cise phases of all tests. However, this increment was higher

(o3

% of rest

o

% of rest

rest exe

Values are mean = SEM percentage changes from the corresponding
rest values. *p < 0.05 versus rest; J'p < 0.05 versus CER test;
ip < 0.05 versus PEMI test; *p < 0.05 versus EMI test

during the EMI test in comparison with the other protocol
sessions. The time course of COjqycess Was no different
between tests, and COpexcess returned to baseline during the
last minutes of recovery.

Discussion

In this study of healthy humans we evoked a typical
hemodynamic response (i.e. a blood pressure increase) to
the muscle metaboreflex recruitment by applying two dif-
ferent approaches—EMI and post-exercise muscle ische-
mia. The blood pressure increase was very similar between
these two conditions and in both cases the main mechanism
used to achieve the target blood pressure was a flow-
mediated mechanism, i.e. an increase in CO; peripheral
vasoconstriction was not involved. This result is not novel;
previous work has revealed that cardiovascular adjustments
to metaboreflex stimulation mainly rely on a flow-mediated
mechanism rather than on vasoconstriction [3, 6-8, 27, 32,
34].
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Fig. 3 Time courses of oxygen uptake (VO,, a), carbon dioxide
production (VCO,, b), and pulmonary ventilation (Vg, ¢) during rest,
exercise, and recovery in all protocol sessions. Horizontal dashed

The major new finding of this study is that the role of
SV in the described CO increase varies depending on the
possibility of elevating HR. In fact, when HR could not
increase then the metaboreflex-induced CO elevation
mainly relied on the SV response, whereas when an HR
response occurred SV remained stable and the CO incre-
ment was the consequence of HR elevation. To the best of
our knowledge this is the first study dealing with metabo-
reflex in humans which has investigated on the combined
effect of SV and HR. Moreover, this is the first study
reporting that during the metaboreflex the role of SV varies
with the possibility of elevating HR.

Accordingly to the initial hypothesis, we believe that the
results obtained in this work provide sufficient evidence
that the SV response during the metaboreflex depends on
the setting of the metaboreflex stimulation: if the metabo-
reflex is stimulated by the PEMI maneuver, SV increases;
in contrast, if the metaboreflex is stimulated by EMI, then
SV does not increase. This result seems to be explainable,
at least in part, by the different behavior of HR between the

@ Springer

-1

*-|-#

mlemin

rest

lines identify variables’ resting levels. Values are mean + SEM
percentage changes from the corresponding rest values. *p < 0.05
versus rest; 'p < 0.05 versus CER test; *p < 0.05 versus EMI test

two methods of metaboreflex stimulation, which in turn
affected DT and myocardial performance. Indeed, the
PEMI maneuver was not able to stimulate cardiac chro-
notropism whereas during the EMI test clear HR elevation
occurred compared with the control test.

As stated in the Introduction, the lack of HR response
during the PEMI maneuver is not a novel phenomenon,
because it has previously been described in several studies
dealing with the metaboreflex conducted in both animals
and humans [1, 6, 26, 30]. The current consensus is that in
the PEMI setting an increment in the parasympathetic tone
takes place because of two phenomena: the intense arterial
baroreflex stimulation because of the sustained blood
pressure and the withdrawal of the central command at the
cessation of exercise. The consequence is that the para-
sympathetic activity increases and obscures the effect of
the metaboreflex-induced sustained sympathetic activity
upon the sinus node, thus explaining the lack of an effect of
PEMI upon HR [19, 25, 26]. The results obtained in this
work are in good accordance with this scenario. Different
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HR behavior, on the other hand, was observed when the
metaboreflex was evoked by means of EMI. In this situa-
tion HR increased in comparison with the other sessions of
the protocol, which meant that the EMI maneuver was
capable of eliciting a chronotropic stimulation, possibly
because the central command was still operating and
reduced the parasympathetic tone which, in turn, could not
counteract the enhanced sympathetic activity towards the
sinus node.

The described different HR behavior between the PEMI
and the EMI conditions had a remarkable consequence on
DT: it decreased during the metaboreflex period of EMI,
because of the cardio-acceleration, whereas it increased
during the PEMI test, because HR decreased towards
baseline. As a consequence of the DT elongation, during
the PEMI test more efficient cardiac filling was likely to
have occurred. Actually, VFR increased during the PEMI
compared with the CER test and this recruited the Frank—
Starling mechanism and enhanced cardiac performance,
thereby increasing SV.

The fact that during PEMI an improvement in myocar-
dial performance occurred also arises from the analysis of
PEP/VET (inversely related to myocardial performance
and ejection fraction) which decreased during the PEMI
test compared with the CER test. It should, however, be
noted that the PEP/VET ratio is sensitive to enhancements
of both cardiac inotropism and preload [13, 22]. That is, it
decreases when there is an increase in cardiac pre-load and/
or when an enhancement in cardiac inotropism occurs.
Thus, we could not know whether, along with the described
improvement in myocardial performance, an increase in
myocardial contractility was also involved in the PEP/VET
shortening. However, we believe this was not unlikely.
That myocardial contractility may be enhanced by the
metaboreflex is apparent from previous studies of dogs [27,
32]. In particular Sala-Mercado and co-workers [32] con-
cluded that during dynamic exercise the metaboreflex
increases myocardial contractility, and this sustained SV
despite the reduction in VFR because of tachycardia.
Hence, it can be hypothesized that the PEP/VET reduction
occurring during the PEMI test resulted from the combi-
nation of both the increased myocardial performance and
the enhanced myocardial contractility.

In contrast with the PEMI test, during the EMI test DT
decreased markedly and SV remained stable, without
showing any detectable increase. This fact (i.e. stable SV
notwithstanding the DT reduction) was the consequence of
the enhanced VFR that occurred during the EMI manoeu-
vre (Fig. 2b), which maintained diastolic volume despite
the reduced time for filling. The VFR increment during the
EMI test was noteworthy and was even higher than during
the period of circulatory occlusion of the PEMI test. Thus,
it is conceivable that, to defend cardiac pre-load from the

reduced DT and to maintain SV, the cardiovascular regu-
latory mechanisms caused mobilization of visceral blood
volume towards the heart. This phenomenon is in accor-
dance with studies reporting that the metaboreflex is
capable of eliciting substantial central blood volume
mobilization [1, 33, 34]. Moreover, it is possible that,
similarly to what was described for the PEMI test,
enhancement of myocardial contractility also occurred
during the EMI condition and protected SV from the
reduced DT.

In the light of the findings of this study it is possible to
hypothesize that the metaboreflex-induced enhancement in
SV we found in our previous work [6-10] was, at least in
part, the consequence of the blunted HR response induced
during the PEMI maneuver. The results of this investiga-
tion also suggest that HR is just an indirect estimate of CO
and that SV measurement should be performed whenever
possible. Furthermore, the hemodynamic scenario depicted
for the PEMI and the EMI tests leads us to speculate that
the cardiovascular regulatory mechanisms operate with
remarkable plasticity and involve very complex integration
between the various components of the circulatory
response (namely: chronotropism, pre-load, after-load, and
inotropism), and a variety strategies can be used to achieve
the target blood pressure. In detail, when a chronotropic
response is not possible (for example during PEMI) the
cardiovascular apparatus compensates for it by increasing
DT and cardiac filling and/or inotropism to increase SV
and CO in order to achieve the target blood pressure. The
capacity of the cardiovascular system to operate with
plasticity during the metaboreflex also arises from animal
studies reporting that the metaboreflex obtained by EMI
was capable of increasing SV under constant HR condition
[27, 29].

However, animals suffering from heart failure were
unable to increase SV in response to EMI because of their
inability to increase ventricular performance [29]. These
results were confirmed for humans also. In heart failure
patients, who had reduced or absent contractility reserve
and limited pre-load reserve, it was shown that their
response to the metaboreflex was shifted towards vaso-
constriction and that the SV and CO increase was virtually
absent [8]. In the light of the complex integration of
chronotropism, pre-load, after-load, and inotropism
apparent from this work and, accordingly, from the results
in our previous paper and from the cited studies conducted
on animals, we can speculate that in heart failure patients
there is disruption in the normal plasticity of circulatory
adjustments to the metaboreflex described herein. Because
they cannot rely on the reserve of cardiac performance and/
or pre-load (which are exhausted), they rely on vasocon-
striction and/or HR elevation to increase blood pressure
during the metaboreflex.
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Comparison of previous studies and this work

The mechanism responsible for the blood pressure incre-
ment during the metaboreflex activation is still the subject
of debate among scientists. In contrast with the findings in
this work, some previous experiments on humans revealed
no significant changes in SV and CO during PEMI [24, 34],
whereas substantial peripheral vasoconstriction occurred
[1, 16]. These studies concluded that the pressor response
during PEMI was a result of peripheral vasoconstriction. In
contrast with these findings and in accordance with our
results, other studies on humans and animals support the
concept that the metaboreflex-induced increase in blood
pressure relies on a flow-mediated mechanism [1, 27, 32,
34]. Moreover, very recently it was found that the mech-
anisms involved in the muscle metaboreflex response in
dogs are continuously dependant on whether a rise in CO
occurs, i.e. whether vasoconstriction occurs depends on
whether CO rises [18]. Thus, our findings seem to accord
with the concept that the rise in blood pressure during the
metaboreflex may be not solely the consequence of a
neurally induced increase in peripheral vascular resistance,
rather the elevation in CO is responsible for the phenom-
enon [28].

It has recently been proposed [20, 21] that the baroreflex
counteracts the metaboreflex-induced increase in blood
pressure by buffering the sympathetic activity directed
toward vascular tone regulation so that the muscle metab-
oreflex-induced vasoconstriction could be inhibited.
According to this scenario, we believe that our finding of
an unchanged SVR in the EMI and the PEMI settings is
explainable by the intense baroreflex stimulation during
these conditions. Hence, our data seem in good accordance
with previous reports demonstrating that the arterial baro-
reflex buffers the muscle metaboreflex-induced increase in
sympathetic tone mainly by inhibition of peripheral vaso-
constriction and by increasing parasympathetic tone at the
sinus node, whereas the increase in cardiac performance
because of the metaboreflex is not counteracted [20, 21].

Limitations of the study

One weak point of this research is that we did not measure
metabolite concentrations during the metaboreflex phases
of the EMI and the PEMI tests to verify whether or not
muscle ischemia induced accumulation of different meta-
bolic end-products in these two settings. It was, in fact, to
be expected that the circulatory occlusion during the EMI
test caused higher metabolite concentrations compared
with PEMI, because in the former condition the muscle was
contracting during ischemia whereas in the latter situation
ischemia was applied when the muscle was not working.
Many putative substances are thought to be responsible for
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the metaboreflex, namely H™, lactate, diprotonated phos-
phate, ATP, adenosine, arachidonic acid, prostaglandins,
potassium, bradykinin, sodium, acetylcholine, histamine,
serotonin, and others, and for none of these substances, to
the best of our knowledge, is there conclusive evidence of
its importance or real involvement in the metaboreflex
phenomenon. Determining the amounts of such a large
number of substances would be complex, expensive,
sometimes invasive, and far beyond the capacity of our
laboratory. Thus, we could not know whether or not the
metaboreflex was activated to the same extent during of the
EMI and the PEMI tests. To obtain an index of metabolite
production we used a respiratory index (COsjexcess) Which
reflects H" and lactic acid accumulation. Actually, H and
lactic acid are putative end-products believed to induce
metaboreflex activation [24]. The statistical analysis indi-
cated that this index was higher in the EMI test than under
the other protocol conditions, in turn indicating that in this
setting accumulation of more metabolites probably occur-
red. It should, however, be considered that the MAP
increase was no different during the metaboreflex phases of
the EMI and PEMI tests (+13.5% =+ 1.9 and +8.5% =+ 2.4,
respectively, compared with rest; p = 0.12), which seems
to suggest the level of metaboreflex stimulation was no
different between the two settings. Hence, although the
EMI test is likely to lead to greater metabolite concentra-
tions than the PEMI test, it is a matter of fact that MAP did
not seem to be affected by this occurrence; this result leads
us to speculate that the metaboreflex may have been
stimulated to a similar extent in the two settings. Alterna-
tively, it is possible that, in response to the metaboreflex, a
more intense baroreflex stimulation occurred which suc-
cessfully buffered the increased sympathetic tone and
limited the MAP elevation.

Yet, another explanation for the phenomenon may arise
from studies performed during hypoxia. Interestingly, it has
been found during the metaboreflex after handgrip that
neither muscle sympathetic nerve activity nor MAP were
enhanced by hypoxia compared with handgrip alone,
whereas HR did increase [17]. Furthermore, it was reported
that hypoxia has only a trivial effect on oxidative stress and
on the discharge of group III and IV muscle afferents
during contraction [11, 16]. Taken together these findings
seem to suggest that hypoxia is a minor stimulus to affer-
ents that sense a mismatch between blood supply and
demand, and this could help to explain why we did not
observe any MAP difference between the metaboreflex
phases of the EMI and the PEMI tests. Probably, the main
mechanism responsible for the metaboreflex activation
during the circulatory arrest maneuvers was the interrup-
tion of metabolites washout rather than hypoxia.

Another fact deserving consideration is that output from
the mechanoreflex could have been more intense during
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EMI than during the other protocol sessions and this could
have affected the hemodynamic response during the EMI
test. Indeed, it has been suggested that muscle mechano-
receptors are sensitized by venous congestion and accu-
mulation of metabolites within muscle [12], and as a
consequence the muscle mechanoreflex could have been
more activated during EMI than during the exercise phase
of the CER and the PEMI tests. Thus, the muscle mecha-
noreflex could have been involved in the hemodynamic
response during EMI, although our study protocol cannot
answer this question.

To summarize, our results suggest that the mechanisms
involved in the muscle metaboreflex depend on whether or
not an increase in HR occurs. In normal individuals, who
have a reserve of both HR and myocardial performance,
there is a shift in the mechanisms via which the metabo-
reflex-induced CO response is achieved. When an HR
response is possible, the CO increase is mainly achieved by
means of HR, whereas when HR cannot increase cardio-
vascular controlling mechanisms manage to enhance
myocardial performance and SV. Thus, it is possible to
speculate that during physiological and clinical situations
that do not allow increasing HR (such as in subjects with
atrio-ventricular block, during therapy with beta-blockers,
and during intense baroreflex stimulation, for example in
the PEMI setting, etc.) subjects rely on cardiac perfor-
mance and SV to reach the target CO. In contrast, when
cardiac performance cannot be improved (for example in
heart failure, and in subjects who cannot centralize blood
volume, for example individuals with peripheral sympa-
thetic dysfunction or paraplegia) subjects rely on HR to
elevate CO. Thus, future studies dealing the metaboreflex
in these particular conditions are warranted to fully eluci-
date the hemodynamics of the metaboreflex in humans.

As a further layer of complexity it should be considered
that from previous studies it seems that work intensity
affects the extent of metaboreflex stimulation, i.e. the
greater the workload the higher the metaboreflex stimula-
tion [7, 9]. This has a profound effect on the circulatory
response, which arises from the complex interaction
between the metaboreflex and the simultaneous baroreflex
activation. For instance, recent investigations indicate that
the arterial baroreflex capacity to buffer the metaboreflex is
impaired in heart failure [21].

Considering the complexity of the hemodynamic
response which arises from these facts, it is our opinion that
the setting of the metaboreflex stimulation (PEMI or EMI),
the kind of exercise (static or dynamic), the intensity of the
workload, and the clinical status of subjects are all critical
factors determining the HR and the SV response during the
metaboreflex. Hence, the setup condition should be care-
fully evaluated before drawing conclusions from studies
dealing with this topic.

In conclusion, this investigation provides evidence that
the blood pressure response to the metaboreflex activation
obtained both during and after mild arm exercise is mainly
the consequence of a CO increase. However, the hemo-
dynamic scenario is quite different between the two set-
tings: when the metaboreflex is stimulated during exercise
the flow-mediated response is the consequence of HR
elevation, whereas when the metaboreflex is recruited
during recovery the hemodynamic response is achieved by
means of an increase in SV, because in this setting HR
response is blunted. Thus, it seems that the systems con-
trolling the cardiovascular apparatus operate with remark-
able plasticity and that there is complex modulation of the
chronotropic status of the heart, cardiac performance, and
ventricular filling with the purpose of reaching the target
blood pressure.
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