J Physiol 590.8 (2012) pp 2051-2060 2051

Peripheral vasodilatation determines cardiac output in
exercising humans: insight from atrial pacing

A. A. Badal, J. H. Svendsen®?, N. H. Secher!4, B. Saltin! and S. P. Mortensen!

' The Copenhagen Muscle Research Centre, >Department of Cardiology, Rigshospitalet’ The Danish National Research Foundation Centre for Cardiac
Arrhythmia and * Department of Anesthesia, Rigshospitalet, Rigshospitalet Denmark

Key points

e During exercise, cardiac output is regulated to match oxygen delivery to the metabolic demand.

e This study evaluated the role of heart rate and peripheral vasodilation in the regulation of
cardiac output during exercise.

e We increased heart rate by atrial pacing in 10 healthy male individuals during three different
conditions: at rest, during exercise and during femoral arterial ATP infusion at rest.

e Increasing the heart rate by atrial pacing by up to 54 beats min~' did not increase cardiac output
in any of the three given conditions as there was a proportional decrease in stroke volume.

e These results indicate that cardiac output is regulated by changes in peripheral vasodilatation,
whereas an increase in heart rate is less important.

Abstract In dogs, manipulation of heart rate has no effect on the exercise-induced increase in
cardiac output. Whether these findings apply to humans remain uncertain, because of the large
differences in cardiovascular anatomy and regulation. To investigate the role of heart rate and
peripheral vasodilatation in the regulation of cardiac output during steady-state exercise, we
measured central and peripheral haemodynamics in 10 healthy male subjects, with and without
atrial pacing (100-150 beats min~') during: (i) resting conditions, (ii) one-legged knee extensor
exercise (24 W) and (iii) femoral arterial ATP infusion at rest. Exercise and ATP infusion increased
cardiac output, leg blood flow and vascular conductance (P < 0.05), whereas cerebral perfusion
remained unchanged. During atrial pacing increasing heart rate by up to 54 beats min™', cardiac
output did not change in any of the three conditions, because of a parallel decrease in stroke
volume (P < 0.01). Atrial pacing increased mean arterial pressure (MAP) at rest and during ATP
infusion (P < 0.05), whereas MAP remained unchanged during exercise. Atrial pacing lowered
central venous pressure (P < 0.05) and pulmonary capillary wedge pressure (P < 0.05) in all
conditions, whereas it did not affect pulmonary mean arterial pressure. Atrial pacing lowered the
left ventricular contractility index (dP/d¢) (P < 0.05) in all conditions and plasma noradrenaline
levels at rest (P < 0.05), but not during exercise and ATP infusion. These results demonstrate that
the elevated cardiac output during steady-state exercise is regulated by the increase in skeletal
muscle blood flow and venous return to the heart, whereas the increase in heart rate appears to
be secondary to the regulation of cardiac output.
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Introduction

The mechanisms controlling the matching of cardiac
output (Q) and skeletal muscle perfusion to the metabolic
demand are thought to implicate mechanical, metabolic
and neural factors (Rowell & O’Leary, 1990; Clifford &
Hellsten, 2004; Saltin, 2007; Fadel & Raven, 2012). In dogs,
Q appears to be regulated by peripheral tissue O, demand
and venous return whereas the heart itself appears to play
a more passive role in the regulatory process (Guyton
etal. 1962; Guyton, 1967; Shepherd et al. 1973). Moreover,
ventricular pacing over a wide range of heart rates (HRs)
results in little or no change in Q in exercising dogs (White
et al. 1971; Wyss et al. 1982; Sheriff et al. 1993), indicating
that a change in HR is not a regulatory mechanism of the
exercise-induced increase in Q. Whether these findings
in dogs apply to humans remain uncertain, because of
anatomical and physiological species differences (Rowell,
2007). Firstly, and in contrast to humans, dogs have most
of the blood volume above the level of the heart (Rowell,
2003). Secondly, stroke volume (SV) does not increase
during exercise in dogs, whereas it increases in upright
humans (Guyton et al. 1962; Astrand et al. 1964; Vatner &
Pagani, 2009). Thirdly, the redistribution of visceral blood
flow observed during exercise in humans does not appear
to occur in dogs (Vatner, 1975). Fourthly, the size of the
heartin relation to body weight is three-fold higher in dogs
compared with humans (Grande & Taylor, 1965; Gunn,
1989). HR pacing in heart patients suggest that alterations
in HR are compensated for by a change in SV such that Q
is maintained (Ross et al. 1965; Sonnenblick et al. 1965;
Bevegard et al. 1967), but cardiovascular regulation is
likely to be altered in heart patients. In support of a less
important role of HR in the regulation of Q, we recently
observed a similar Q and leg blood flow (LBF) during
leg exercise and ATP-induced vasodilatation despite a
markedly different HR response (Gonzalez-Alonso et al.
2008). An increase in HR with parasympathetic blockade
increases Q and MAP in the supine (Seifert et al. 2010),
but not upright position (Boushel et al. 2001; Hopkins
et al. 2003), suggesting that the central blood volume is
important for HR to increase Q. A possibility is that peri-
pheral vasodilatation and an increase in venous return and
cardiac filling pressure are required to increase Q during
HR pacing (Dodge et al. 1960; Guyton, 1981), but the
effect of an increase in HR at rest and during conditions of
increased peripheral vascular conductance such as during
exercise and ATP infusion has not been investigated in
healthy humans.

The purpose of this study was to investigate the isolated
effect of an increase in HR on Q, blood pressures and
limb and brain perfusion at rest and during exercise and
ATP-induced hyperaemia. To accomplish these aims, we
measured central and peripheral haemodynamics during
atrial pacing at rest, one-legged knee extensor exercise and
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femoral arterial ATP infusion at rest in healthy, young
men. We hypothesized that atrial pacing would lower SV
because of a decrease in central venous and left ventricular
filling pressure.

Methods

Ten healthy and recreationally active male subjects
participated in this study (age 23 4 4 years, body weight
77.7 £ 11kg, height 185+ 7 cm and maximal oxygen
uptake (Vo, max) 3.8 £ 0.4 min~'; mean + SD). All sub-
jects were normotensive, had a normal ECG and were
not taking any medication. The subjects received oral and
written information about potential risks and discomforts
associated with the trial before giving their informed
consent to participate. The study was approved by the
Ethics Committee of The Capital Region of Denmark
and conducted in accordance with the guidelines of the
Declaration of Helsinki.

Experimental protocol

Prior to the experimental day, the subjects performed
one-legged knee-extensor training for 5 weeks (3—4 times
per week) with the experimental leg (randomized). The
subjects were instructed to abstain from caffeine, alcohol
and physical activity for 24 h prior to the experimental day.
On the day of the experiment, the subjects arrived at the
laboratory 2 h after ingesting a light breakfast. After 30 min
of supine rest, a 20 G catheter was placed in the brachial
(n=4) or femoral (n=6) artery of the experimental
leg and a catheter (131HF7, Edwards Lifesciences, Irvine,
CA, USA) was placed in the pulmonary artery via a left
ante-cubital vein under pressure guidance. A screw-in pace
catheter (Tendril ST, St Jude Medical, Sylmar, CA, USA)
was advanced through a sheath in the right internal jugular
vein to the auricle of the right atrium. Correct placement
was confirmed by X-ray. Following 30 min of supine rest,
the subjects were seated in the one-legged knee-extensor
chair in a semi-supine position (45 deg).

Following an additional 30 min of rest, the sub-
jects completed three trials: (i) rest (n=38), (ii)
one-leg knee-extensor exercise (24 W) (n=10) and
(iii) femoral arterial ATP infusion at rest (n=26). The
ATP (1 umolml™'; Sigma) infusion rate was adjusted
to match the leg blood flow during exercise (range
0.5-1.2 umolmin~'). In all trials, the subjects were
measured with and without atrial pacing (AAI mode)
aiming at gradually increasing HR by 20-30 beats min~!
for each step. In the AAI mode, the pacemaker
withholds pacing when it senses an intrinsic atrial
electrical activation. If the pacing rate is higher than
the intrinsic rate a pacing stimulus will be delivered
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and this impulse will be conducted to the ventricles
through the normal conduction system, ensuring normal
physiological activation and relaxation of the ventricles.
In the resting trial, HR was increased by 31 +4 and
51 & 2 beats min~"', in the exercising trial by 15 + 3,31 £ 3
and 54 & 3 beats min~', and in the ATP infusion trial by
18 + 3 and 41 =+ 3 beats min~!. Atrial pacing was initiated
after 3 min of rest/ATP infusion/exercise conditions and
HR was increased every 3 min. Blood samples were
obtained simultaneously from the radial/femoral and
pulmonary arteries after 2.5 min. All trials were separated
by 30 min of rest and the order of the trials were
randomized and counterbalanced across subjects. Due to
the development of intermittent Wenckebach AV block,
HR could only be increased above 120 beats min~! in three
of the subjects in the two resting trials and these data are
therefore not included.

Measurements

Pulmonary Vo, was measured online (Quark CPET
system, Cosmed, Italy). HR was obtained from an
electrocardiogram while arterial, pulmonary arterial
mean pressure (PAMP), central venous pressure (CVP)
and pulmonary capillary wedge pressure (PCWP) were
monitored with transducers (Pressure Monitoring Kit,
Baxter, Deerfield, IL, USA) positioned at the level of the
heart and connected to a monitor (Dialogue 2000, Danica
Elektronic, Copenhagen Denmark). For determination
of Q by the Fick principle (Q = Vp,Aa— o, — 1),
pulmonary arterial blood samples were withdrawn over
20 sand pulmonary V;,, averaged for the same time period.
SV was calculated as Q divided by HR. Systemic vascular
conductance (SVC) was calculated as Q divided by the
perfusion pressure (MAP — CVP) and pulse pressure was
the difference between the arterial systolic and diastolic
blood pressure. The left ventricular contractility index
(dP/dty,x) was calculated as the peak systolic value of
the first derivative of the arterial pressure curve averaged
over 20 cardiac cycles. Leg vascular conductance (LVC)
was the quotient of femoral arterial blood flow (LBF) to
the perfusion pressure (MAP — CVP).

Femoral arterial blood flow

LBF was determined by ultrasound Doppler (Logic E9, GE
Healthcare, USA) equipped with a linear probe operating
at an imaging frequency of 9 MHz and Doppler frequency
of 5.0 MHz. The site of blood velocity measurements in
the common femoral artery was distal to the inguinal
ligament but above the bifurcation into the superficial
and profound femoral branch to avoid turbulence from
the bifurcation. All recordings were obtained at the lowest
possible insonation angle and always below 60 deg. The
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sample volume was maximized according to the width of
the vessel and kept clear of the vessel walls. A low-velocity
filter (velocities <1.8 ms™!) rejected noises. The Doppler
tracings and B-mode images were recorded continuously
and Doppler tracings were averaged over 16 heart cycles.
The arterial diameter was determined after each Doppler
recording and assessed during the systole from arterial
B-mode images with the vessel parallel to the transducer.

Middle cerebral blood flow

Mean blood velocity (V) was measured in the middle
cerebral artery (MCA) by transcranial Doppler (2 MHz)
through the temporal ultrasound window at a depth of
48-60 mm (Multidop X, DWL, Sipplingen, Germany)
(Secher et al. 2008) (rest and exercise: n =7, ATP n=4).
Brain vascular conductance (BVC) index was expressed as
MCA V ean divided by MAP.

Blood analysis

Blood gas variables and haemoglobin were measured using
an ABL725 analyser (Radiometer, Copenhagen, Denmark)
and corrected for blood temperature obtained from the
pulmonary artery. Plasma catecholamine concentrations
were determined with a radioimmunoassay (LDN,
Nordhorn, Germany).

Statistical analysis

Data were analysed in Microsoft Excel 2000 and SigmaPlot
11.0. To test for statistical significance a one-way
repeated-measures of variance (ANOVA) with Tukey’s
honestly significant difference procedure was performed.
Thelevel of significance was setat P < 0.05. Data are shown
as mean £ SEM unless stated otherwise.

Results

Systemic and peripheral haemodynamics in resting
conditions

Baseline Q, HR and SV were 82+0.71min~",
67 £ 3 beats min~! and 125 + 11 ml, respectively (Fig. 1).
When HR was increased with atrial pacing, Q
did not change because of a proportional decrease
in SV (P<0.001). MAP increased with increasing
HR from 96+ 3 mmHg (baseline) to 100+ 3 mmHg
(118 beats min~!, P < 0.05). Atrial pacing did not change
SVC (90.7+15.9 and 89.1 +14.0 mlmin~' mmHg™!
at baseline and 118beats min~!, respectively). Atrial
pacing lowered CVP, PCWP and arterial pulse pressure
(P < 0.05), whereas PAMP and systolic blood pressure
remained unchanged and diastolic blood pressure
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increased (Fig. 2). The d P/dt . was reduced progressively
with increasing HR (P < 0.05; Fig. 3).

Femoral arterial blood flow was 0.40 4 0.051 min—
at baseline, increased with atrial pacing to
0.62 +0.06 I min~" (P < 0.05) at a HR of 100 beats min~'
(HR100), but returned to baseline levels at
HR118 (0.53 +0.08 min~'; Fig.4). Likewise, LVC
increased with atrial pacing to HR100 (4.2£0.5 to
6.4+ 0.7 mlmin~! mmHg™!, respectively (P < 0.05) and
then returned to baseline levels at HR118. The MCA
V mean and brain vascular conductance index (BVC) did
not change with atrial pacing.

1

Systemic and peripheral haemodynamics during
exercise

Exercise increased Q and HR to 12.1+0.91min~' (P <
0.05) and 95+ 6beatsmin~! (P<0.01), respectively,
whereas SV remained unchanged. When HR was
increased, Q remained similar to control exercise,
because of a proportional decrease in SV (P < 0.001).
MAP remained constant during atrial pacing (105 + 4
and 104 =2 mmHg at baseline and 150 beats min~",
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respectively) and atrial pacing therefore did not cause
any changes in SVC. CVP and PCWP decreased with
atrial pacing (P < 0.05), whereas pacing did not alter
PAMP. Atrial pacing lowered systolic blood pressure
(150 beats min~"') and arterial pulse pressure (120
and 150 beatsmin~') compared with exercise alone,
whereas diastolic blood pressure increased at 120 and
150 beats min~', respectively (P < 0.001). dP/dt,, was
reduced progressively with increasing HR (P < 0.05).

During exercise, leg blood flow and LVC increased to
3.1£0.31min"! and 30 ml min~! mmHg ™!, respectively
(P<0.001), and did not change with atrial pacing.
MCA V ean and BVC did not change with atrial pacing
(Fig. 4).

Systemic and peripheral haemodynamics during
arterial ATP infusion

Femoral arterial ATP infusion increased Q and HR to
11.24+0.41min"' and 83+ 2beatsmin~!, respectively
(P <0.05), whereas SV remained unchanged compared
with baseline conditions. Q did not change when HR
was raised to ~123 beats min~! because of a proportional
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Figure 1. Cardiac output (A), stroke volume (B), mean arterial pressure (C) and systemic vascular

conductance (D) as a function of heart rate

Data are means £ SEM. *Significantly different from baseline within the same trial. §Significantly different from
resting conditions. §Significantly different from exercise trial. (P < 0.05).
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decline in SV (P =0.002). During atrial pacing, MAP
and diastolic blood pressure increased (P < 0.05), whereas
CVP and arterial pulse pressure decreased (P < 0.05).
Atrial pacing did not change PAMP or systolic blood
pressure, whereas PCWP tended (P = 0.057) to decrease.
Atrial pacing did not change SVC (127.0+13.5 and
129.7 £ 13.1 ml min~! mmHg, at baseline and HR123,
respectively). Q, HR and SVC were higher during ATP
infusion compared with baseline conditions, CVP and
PAMP were lower, whereas no differences were observed
in MAP and PCWP (P <0.05). Compared with the
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exercise trial, Q, SV and PCWP were similar, whereas
HR, MAP, CVP and PAMP were lower during ATP
infusion (P < 0.05). The left ventricular contractility index
dP/dt . was reduced progressively with increasing HR
(P <0.05).

ATP infusion increased femoral arterial blood flow
andLVCt03.1 £ 0.21 min~" and 34.9 ml min~! mmHg ',
respectively, (P < 0.001) whereas and MCA Ve, and
BVC remained unchanged compared with baseline. When
compared with the resting and exercising trials there were
no significant differences in BVC.
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Figure 2. Central venous pressure (A), pulmonary arterial mean pressure (B), pulmonary capillary wedge
pressure (C), sysolic blood pressure (D), diastolic blood pressure (E) and pulse pressure (F) as a function

of heart rate

Data are means + SEM. *Significantly different from baseline within the same trial. §Significantly different from
resting conditions. §Significantly different from exercise trial. (P < 0.05).
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Figure 3. The left ventricular contractility index dP/dtax
during resting conditions, exercise and femoral arterial ATP
infusion with and without atrial pacing

Data are means + SEM. *Significantly different from baseline within
the same trial (P < 0.05). {Significantly different from resting
conditions (P < 0.05).
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Arterial blood pressure at the onset of pacing

Atrial pacing at rest caused an initial increase in MAP
and diastolic blood pressure (5 s; P < 0.05), whereas after
MADP, systolic and diastolic pressure were reduced (10s;
P < 0.05) and then returned to baseline levels (Fig. 5). No
changes in arterial pressure were observed at the onset
of pacing in the exercise trial. Atrial pacing tended (5s;
P=0.057) to cause an initial increase in MAP in the
ATP trial, but arterial pressures were then reduced (10s;
P <0.05) and returned to baseline levels (systolic) or
increased (MAP and diastolic; P < 0.05).

Plasma catecholamines

Plasma noradrenaline increased during exercise
(P<0.05). During ATP infusion noradrenaline levels
were higher at the Ist pacing level when compared
with resting conditions (Table 1, P < 0.05). Exercise and
arterial ATP infusion did not change plasma adrenaline
levels. Plasma noradrenaline and adrenaline decreased
during the atrial pacing in the resting trial. Noradrenaline
decreased from the 1st pacing level whereas adrenaline
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was reduced only during the 2nd pacing level (P < 0.05).
Neither plasma noradrenaline nor adrenaline levels
changed during atrial pacing in the exercising and arterial
ATP infusion trials.

Discussion

There are several findings in the present study in healthy
humans that support the hypothesis that Q is regulated
by peripheral O, demand and vasodilatation and that a
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Figure 5. Acute changes in systolic, diastolic and mean arterial
pressure in the seconds after initiation of the 1st pacing level
in the three different trials: resting (A), exercising (B) and
arterial ATP infusion at rest (C)

*Significantly different from baseline within the same trial (P < 0.05).
tSignificantly different from 5 s (P < 0.05). fSignificantly different
from 10 s (P < 0.05).
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Table 1. Plasma noradrenaline (NA) and adrenaline (A) levels
during resting conditions, exercise and arterial ATP infusion with
and without atrial pacing

1st pacing 2nd pacing
Baseline level level

NA rest 0.9 + 0.1 0.7 + 0.1* 0.7 + 0.1*
NA exercise 1.8 £ 0.3} 1.6 £ 0.2} 1.6 £ 0.21%
NA ATP infusion 1.7 £ 0.3 1.7 + 0.4} 1.1 +£ 0.0
A rest 0.4 + 0.1 0.4 + 0.1 0.3 + 0.1
A exercise 0.7 £ 0.2 0.5+ 0.2 0.5+ 0.2
A ATP infusion 0.6 + 04 0.6 + 04 0.5+ 0.3

All values are in nmol I='. Data are means + SEM. *Significantly
different from baseline within the same trial. fSignificantly
different from 1st pacing level. {Significantly different from
resting conditions. iSignificantly different from arterial ATP
infusion at the same pacing level.

change in HR has no effect on Q: (1) atrial pacing did not
alter Q during resting conditions, exercise or arterial ATP
infusion with HR increments up to 40-55 beats min™",
because of a proportional decline in SV; (2) atrial pacing
caused a decrease in CVP in all three trials and PCWP
was lowered at the first pacing level(s) at rest and during
exercise; and (3) MAP increased at rest and during ATP
infusion, but remained unchanged in the exercise trial.
Collectively, these observations suggest that peripheral O,
demand and vasodilatation is the main determinant of Q
during steady-state conditions and that an increase in HR
is compensated for by a reduction in SV.

Cardiac output remained strikingly unaltered when HR
was increased up to 55 beats min~! in all three conditions.
The unaltered Q during atrial pacing is in general
agreement with findings during HR pacing in resting and
exercising dogs (Sheriff et al. 1993; Sheriff & Mendoza,
2004) and resting humans (Bergman et al 2009). In
all conditions, the lower SV during atrial pacing was
accompanied with alower CVP, indicating a redistribution
of blood from the venous beds to the arterial and peri-
pheral vascular beds (Sheriff et al. 1993) in a setting with
otherwise constant conditions except for the increase in
HR. As venous return to the heart is not increased, the
SV will fall with increasing HR implying an extrathoracic
venous collapse (Guyton, 1968, 1981; Thomson, 1984;
Beard & Feigl, 2011). Left ventricular filling pressure was
lowered with pacing at rest and during exercise and tended
(P=0.057) to be lowered during ATP infusion, suggesting
that a reduced end-diastolic volume lowered SV. Inter-
estingly, left ventricular filling pressures were preserved
during ATP infusion, suggesting that peripheral vaso-
dilatation is enough to maintain a sufficient ventricular
filling despite a shift in central blood volume and without
activation of the skeletal muscle pump (Tschakovsky &
Sheriff, 2004; Gonzélez-Alonso et al. 2008).When pacing
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at rest and during exercise, left ventricular filling pressure
decreased at the first pacing level, but then returned to
baseline levels at the highest pacing level. This observation
raises the possibility that a disproportional ventricular
filling time limited end-diastolic volume and thus SV
at the highest pacing level. dP/dt ., was lowered with
atrial pacing in all three conditions despite an unaltered
circulating catecholamine level. This suggests that myo-
cardial force production is reduced due to a lower preload
(Frank—Starling mechanism) and/or altered cardiac cycle
length (interval—force relationship) (Seed & Walker, 1988)
rather than a reduced contractility caused by sympathetic
withdrawal. The similar Q during exercise and ATP
infusion was accomplished with a markedly different
HR and SV responses (Gonzilez-Alonso et al. 2008),
indicating the leg vasodilatation drives the increase in Q
despite differences in HR response. Due to the intact AV
conducting system of our healthy subjects, the effect of a
reduced HR on the exercise-induced increase in Q could
notbe investigated. However, alowering of HR and contra-
ctility by B-blockade does not alter Q at rest or during
submaximal exercise (Ekblom et al. 1972; Pawelczyk
et al. 1992). Collectively, these observations suggest that
peripheral O, demand and vasodilatation control Q by
altering venous return and left ventricular filling and that
this regulation occurs independent of changes in HR, but
rather by altering end-diastolic volume and contractility.
At higher heart rates a reduced ventricular filling time may
contribute to the reduction in SV.

When pacing at rest and during ATP infusion an
increased cardiac afterload due to the increased arterial
pressure is also likely to have contributed to the lower SV
by increasing end-systolic volume (Higginbotham et al.
1986). The initial increase in arterial pressure during atrial
pacing in resting conditions and during ATP infusion
suggest an immediate shift in blood volume from the
venous to arterial bed (Sheriff & Mendoza, 2004). At
rest, the lack of peripheral vasodilatation is likely to
have contributed to the shift in blood volume. However,
vascular conductance was similar during the ATP and
exercise trials, suggesting that different mechanisms are
also at odds. The lower contractility index and pulse
pressure is likely to have reduced baroreceptor activity
with atrial pacing and reduced blood pressure after the
initial increase (Neil & Joels, 1961; Fadel & Raven, 2012),
although a change in plasma noradrenalin could only be
detected in the resting trial. During the ATP trial, the
increase in MAP at the first pacing level was followed by
lower MAP, pulse pressure and plasma adrenaline levels.
A sympathetic withdrawal in the resting trial is likely to
have caused the increase in LVC although the increased
shear stress in the leg may also have caused a release
of vasodilator substances (Clifford & Hellsten, 2004).
During exercise and arterial ATP infusion, leg blood flow is
unaffected by changes in sympathetic activation due to the
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ability of exercise and ATP to override sympathetic vaso-
constrictor activity (Remensnyder et al. 1962; Rosenmeier
et al. 2004). In contrast to the leg, cerebral perfusion
and conductance index remained unchanged during atrial
pacing at rest despite an increase in perfusion pressure
and lower circulating plasma noradrenaline levels. This
observation is in agreement with the unchanged cerebral
perfusion during S-adrenergic blockade at rest (Seifert
et al. 2009).

In conclusion, these results demonstrate that in healthy
humans the elevated Q during submaximal exercise is
regulated by increases in venous return that occur in
parallel to the increase in skeletal muscle blood flow,
whereas the HR response to exercise appears to be
secondary to the regulation of Q. Whether these findings
also apply to maximal conditions, where the heart is
operating at its limit (Saltin & Strange, 1992; Saltin &
Calbet, 2006; Levine, 2008), remains unclear. In resting
conditions, HR appears to play a regulatory role that
is coupled to arterial blood pressure regulation. These
similarities between HR pacing during exercise in humans
and dogs indicate a similar role of HR in the regulation
of Q during exercise, despite the anatomical and physio-
logical differences as well as differences in blood volume
distribution and cardiac preload.
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