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1 | INTRODUCTION

Progressive dehydration accrued during intense pro-
longed whole-body exercise in the heat reduces stroke

| Eric J. Stohr>?

| Koichi Akiyama5 | Sumie Watanabe' |

Abstract

Dehydration accrued during intense prolonged whole-body exercise in the heat com-
promises peripheral blood flow and cardiac output (Q). A markedly reduced stroke
volume (SV) is a key feature of the dehydration-induced cardiovascular strain, but
whether the lower output of the heart is mediated by peripheral or cardiac factors re-
mains unknown. Therefore, we repeatedly quantified left ventricular (LV) volumes,
LV mechanics (LV twist, a marker of systolic muscle function, and LV untwisting
rate, an independent marker of LV muscle relaxation), left intra-ventricular pressure
gradients, blood volume and peripheral blood flow during 2 hr of cycling in the heat
with and without dehydration (DEH: 4.0 + 0.2% body mass loss and EUH: euhy-
dration control, respectively) in eight participants (three females and five males).
While brachial and carotid blood flow, blood volume, SV, LV end-diastolic volume
(LVEDV), cardiac filling time, systemic vascular conductance and Q were reduced
in DEH compared to EUH after 2 hr, LV twist and untwisting rate tended to be
higher (p = .09 and .06, respectively) and intra-ventricular pressure gradients were
not different between the two conditions (p = .22). Furthermore, LVEDV in DEH
correlated strongly with blood volume (r = .995, p < .01), head and forearms beat
volume (r = .98, p < .05), and diastolic LV filling time (r = .98, p < .05). These find-
ings suggest that the decline in SV underpinning the blunted Q with exercise-induced
dehydration is caused by compromised LV filling and venous return, but not intrinsic

systolic or diastolic LV function.
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volume (SV), cardiac output (Q), arterial blood pressure
and blood flow to the active skeletal muscle, skin, and
brain and concomitantly increases core temperature, heart
rate (HR) and total peripheral resistance (TPR) (Trangmar
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and Gonzélez-Alonso, 2017; Trangmar and Gonzilez-
Alonso, 2019). The progressive fall in Q owing to SV re-
duction is a key feature of the global cardiovascular strain
induced by dehydration and hyperthermia (Gonzélez-
Alonso, 1998; Gonzalez-Alonso et al., 1995, 1998;
Hamilton et al., 1991; Montain and Coyle, 1992b; Montain
et al., 1998; Sawka et al., 1979). However, the peripheral
and cardiac mechanisms underlying the blunted Q with pro-
gressive dehydration and hyperthermia during prolonged
exercise are not fully understood.

One plausible explanation is that the decline in Q with the
development of dehydration and hyperthermia is due to the
reduction in left ventricular (LV) filling induced by a loss in
blood volume, largely dehydration-induced plasma volume
loss. However, previous studies have shown that substantial
blood volume losses decrease SV but do not reduce Q when
exercise is performed in a cold environment (Gonzalez-Alonso
et al., 2000) and when the metabolic demand is low such as
at rest and during exercise recruiting small muscle mass due
to a concomitant increase in HR (Pearson et al., 2013; Stohr
et al., 2011a). Moreover, Montain and Coyle (1992a) showed
that plasma volume expansion in dehydrated and hyperther-
mic individuals restores one-half of the decline in SV and
attenuates the increase in HR such that Q is maintained. It
therefore seems that a reduction in blood volume alone only
explains part of the SV decline and that the compromised Q is
likely due to the interaction of several cardiac and/or periph-
eral factors.

Reduced venous return secondary to enhanced pe-
ripheral vasoconstriction and reduced tissue blood flow
might be another important peripheral factor involved in
the compromised SV and Q. In support of this mecha-
nism, it has been demonstrated that limb vasoconstriction
via intra-arterial infusion of adenosine and the sympath-
omimetic agent tyramine (Rosenmeier et al., 2008) and
the combined blockade of prostaglandins and nitric oxide
using NG—monomethyl—L—arginine and indomethacin infu-
sion (Mortensen et al., 2007) lead to proportional reduc-
tions in limb blood flow and Q Based on these findings, it
is conceivable that the gradual fall in Q with dehydration
and hyperthermia during prolonged exercise may accom-
pany not only lowered blood volume but also peripheral
vasoconstriction-mediated restrictions in peripheral perfu-
sion, venous return, and thus LV filling. To the best of our
knowledge, however, the impact of dehydration and hyper-
thermia on LV volume along with systemic and peripheral
hemodynamics has never been investigated during intense
prolonged exercise.

Another possible scenario to explain the compromised
Q in the dehydrated and hyperthermic state might be an
impaired LV systolic or diastolic function. Previous studies
have shown that LV diastolic function is depressed imme-
diately after long-duration exercise with mild-to-moderate

(~0.5%—2%) body mass loss (George et al., 2005; Nottin
et al., 2012; Oxborough et al., 2010) and that both LV sys-
tolic and diastolic functions are blunted following ultra-en-
durance exercise accompanied by substantial (~3%—4.5%)
body mass loss (Douglas et al., 1987; Niemeli et al., 1984;
Nottin et al., 2009; Whyte et al., 2000). However, it is un-
clear whether those findings in the post-exercise period
apply to what happens during exercise given the large
differences in cardiovascular loads between conditions
(Wilhelm et al., 2016). Our earlier studies during single leg
knee-extensor exercise with stable or increased peripheral
blood flow and Q showed that systolic and diastolic LV
twist mechanics are maintained or even mildly enhanced
with significant dehydration (3.5% body mass loss), but low
physiological load (Pearson et al., 2013; Stohr et al., 201 1a).
It remains unknown, however, whether LV systolic and di-
astolic function are preserved or impaired during intense
prolonged whole-body exercise in the heat causing much
greater physiological load and dehydration-induced cardio-
vascular strain. Systolic and diastolic LV mechanics and
intraventricular pressure gradients reflect the mechanical
events of the cardiac cycle (Beyar and Sideman, 1984;
Courtois et al., 1988; Notomi et al., 2005) and thus can
provide insight into the intrinsic cardiac factors influenc-
ing SV with changes in hydration status during prolonged
exercise.

Accordingly, the aim of this study was to investigate the
impact of hydration status and environmental heat stress on
systemic and peripheral hemodynamics, LV volume, LV me-
chanics and left intra-ventricular pressure gradients during
prolonged whole-body exercise inducing significant cardio-
vascular strain compared to exercise with physiological sta-
bility, and to provide insights into the central and peripheral
mechanisms underpinning dehydration-induced decline in Q
. To this aim, we manipulated hydration status to test the hy-
pothesis that combined dehydration and hyperthermia during
prolonged cycling in the heat would compromise SV and Q
in close association with restrictions in LV end-diastolic vol-
ume (LVEDV) and peripheral perfusion rather than intrinsic
cardiac factors such as systolic and diastolic LV mechanics
and intraventricular pressure gradients.

2 | METHODS

2.1 | Subjects

Eight trained cyclists and triathletes (3 females and 5 males)
with a mean (+SD) age of 31 + 6 years, height of 176 + 6 cm,
body mass of 70 + 10 kg and VOzpeak during semi-recumbent
cycling of 3.8 + 0.6 L/min, participated in the study. They ar-
rived at the laboratory postprandial with a normal hydration
status and were required to abstain from strenuous exercise
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FIGURE 1
of the experimental protocols. Participants
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and alcohol intake for 24 hr and caffeine consumption for
12 hr. The study was approved by the Brunel University
London Research Ethics Committee (5449-TISS-Feb/2017-
6276-2 and 5449-A-Mar/2017- 6957-1) and was carried out
in accordance with the Declaration of Helsinki. All partici-
pants provided written informed consent prior to commence-
ment of the study.

2.2 | Experimental design

Participants visited the laboratory on four occasions, con-
sisting of two familiarization sessions and two experimen-
tal trials. On the first familiarization visit, an incremental
exercise test on a semi-recumbent cycle ergometer (Lode
Angio) was conducted to determine the maximal work rate
(Whao and VOzpeak during semi-recumbent exercise. After
15-20 min break, participants were familiarized to the
experimental protocol by cycling in the semi-recumbent
position for 1 hr at 50%-55% W,,,, with the pedal cadence
maintained between 70-90 rpm in an environmental cham-
ber set at 35°C and 50% relative humidity with convective
fan cooling provided. On the second familiarization visit,
they cycled for 2 hr in the same exercise and environmen-
tal conditions. During this session, echocardiography and
ultrasound hemodynamic measurements (see below for
further details) were performed to familiarize the partici-
pants with the primary measures of the main experimental
trials.

In the two experimental trials (visits 3 and 4), partici-
pants performed prolonged (~2 hr) of semi-recumbent
cycling at 50%—55% of W, (141 £ 7 W) in the same envi-
ronmental conditions as in the familiarization sessions with
(euhydration control) and without (progressive dehydration)
fluid replacement. Trials were separated by a week and were
randomly assigned and counterbalanced across participants.

In the progressive dehydration trial, participants did not
consume fluid during the prolonged exercise. In this trial,
two subjects reached volitional exhaustion early (110 and
113 min, respectively), however, final measurements were
obtained. In the euhydration trial, participants exercised for
the same period of time (118 + 1 min) but hydration was
maintained through fluid ingestions according to the partic-
ipants’ body mass loss (1.4 + 0.1 L/hr). Fluid was provided
in seven equal aliquots every 15 min during exercise in the
form of 0.3% NaCl solution. In both experimental trials, LV
volumes and functions and arm and head hemodynamics
were assessed using an ultrasound system and blood samples
were taken at rest and every 30 min during exercise. HR,
blood pressure, and body temperatures were recorded con-
tinuously. Body mass was measured before and immediately
after exercise each trial. Full depiction of the experimental
protocol and physiological measurements is presented in
Figures 1 and 2.

2.3 | Cardiac function

2.3.1 | LV volume and function

LV volume and function were assessed using an ul-
trasound system (Vivid 7 Dimension; GE Healthcare)
equipped with a sector array probe (M4S) according to
current guidelines (Lang et al., 2015). At rest and every
30 min during the exercise, echocardiographic images
of five consecutive cardiac cycles were obtained during
45° left lateral tilt of the semi-recumbent cycle ergom-
eter and saved at natural end-expiration to maximise the
image quality. All cardiac data are presented as the aver-
age of three consecutive cardiac cycles. Participants were
familiarized with the exercise in that position and brief
periods of end-expiratory breath-hold during exercise in
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the first 2-familiarization visits. Care was taken to ensure
that all ultrasound settings, including image depth and
frame rates, were kept constant within subjects. Apical
four-chamber and two-chamber images were recorded and
LVEDYV, end-systolic volumes (LVESV) and SV were
analyzed using the Simpson's biplane method using the
manufacturer's software (EchoPAC PC version 112; GE
Healthcare). Q was calculated as the product of HR and
SV. TPR was calculated as mean arterial pressure (MAP)/Q
. LV filling time was assessed using pulsed wave tissue
Doppler imaging of the septal mitral annular velocity
(Alam et al., 1999; Stohr et al., 2011b).

FIGURE 2 Examples of
echocardiographic and Doppler
ultrasonographic assessments during
prolonged submaximal semi-recumbent
cycling. The photo depicts one of the
participants in the study. Representative
images of apical 4-chamber view at end
diastole (A4C) and vessel and blood
velocity recordings at the brachial artery
(BA), common carotid artery (CCA), and
internal carotid artery (ICA), at rest and
during exercise (30 and 118 + 1 min) in the

progressive dehydration trial are shown

=
=
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2.3.2 | Systolic and diastolic LV mechanics

Systolic and diastolic LV mechanics were assessed from 2D
parasternal short-axis images recorded at the mitral valve
and apical level as described in detail previously (Stohr
et al., 2016). In brief, images at the mitral valve level (basal
level) were standardized by ensuring that the images were
taken as cranially as possible and the full-thickness of the
myocardium was imaged throughout the cardiac cycle. Apical
short-axis views were obtained by identifying the standard-
ized apical four-chamber location, and then tilting the probe
into the short-axis plane and moving the probe as little cranial
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as possible, whilst ensuring a circular view without luminal
obliteration at end-systole. A single focal point was posi-
tioned in the center of the ventricular cavity for all short-axis
images. Images were analyzed off-line for two-dimensional
speckle tracking-derived LV twist mechanics. From the raw
speckle tracking output, data were interpolated to 600 points
at equidistant time intervals in systole and diastole, respec-
tively, as previously recommended (Burns et al., 2008). The
frame-by-frame basal rotation (degrees) and rotation velocity
(degrees/s) data were subtracted from apical rotation and rota-
tion velocity data respectively to determine peak systolic LV
twist (degrees) and early diastolic untwisting rate (degrees/s).
Similarly, systolic radial and circumferential strain (both %)
were quantified from speckle tracking analysis of parasternal
short-axis images, and longitudinal strain (%) was obtained
from the analysis of apical four-chamber images.

2.3.3 | Intra-ventricular pressure gradients
We quantified left intraventricular pressure gradients from
the LV base to the apex in early diastole using the validated
approach based on color-Doppler M-mode images in the
apical four-chamber view (Greenberg et al., 2001; Notomi
et al., 2006; Rovner et al., 2003). The Doppler M-mode cur-
sor was aligned with the diastolic inflow streamline and the
images were analyzed with an image processing algorithm
based on the one-dimensional Euler equation. Peak left intra-
ventricular pressure gradients were defined as the maximal
pressure difference between the LV base (mitral annulus) and
the LV apex.

2.4 | Non-exercising limb and head
hemodynamics

Blood flow was measured at rest and every 30 min of ex-
ercise in the brachial artery (BA), common carotid artery
(CCA), and internal carotid artery (ICA) as previously de-
scribed (Kalsi et al., 2017; Trangmar et al., 2014) using a
10 MHz linear probe (10L, GE Healthcare). For the meas-
urement, the participants’ right arm was extended and po-
sitioned on a table at the side of the cycle ergometer, and
blood flow was obtained ~5 cm proximal to the antecubital
fossa. The right CCA and ICA blood flows were measured
~1.5 cm proximal to and ~1.0-1.5 cm distal to the carotid
bifurcation, respectively. Longitudinal images of the arteries
were recorded when the intima-media boundary was clearly
visible, and artery diameters related to systole and diastole
were measured as the largest and smallest diameters within
each cardiac cycle, and then the mean diameter was calcu-
lated as systolic diameter X 1/3 + diastolic diameter X 2/3.
BA, CCA, and ICA cross-sectional areas (CSAs; in sz)

e . . 5of16
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were estimated as follows: CSA = © X (mean diameter/2)2.
Blood velocity was measured simultaneously with artery im-
ages using continuous pulsed-wave Doppler at a frequency
of 4.4 MHz, with an insonation angle consistently below 60
degrees and the sample volume extended to cover the entire
vessel lumen. Continuous 12-s blood velocity profiles were
recorded and analyzed offline to calculate time-averaged
mean blood velocity (V,,.,,) With the manufacturer's software
(EchoPAC PC version 112; GE Healthcare). BA, CCA, and
ICA blood flows were calculated as the product of the V, ...
(in cm/s) and CSA (in cm?) and were multiplied by 60 to
obtain values expressed in ml/min. BA, CCA, and ICA vas-
cular conductances were calculated as BA blood flow/MAP,
CCA blood flow/MAP, and ICA blood flow/MAP, respec-
tively. Assuming that the amount of arterial inflow and ve-
nous outflow are the same during steady-state condition, the
amount of blood passing through the peripheral veins dur-
ing each cardiac cycle (beat volume; in ml) was estimated
by dividing blood flow in the CCA and BA by HR and was
doubled and the added together to obtain an index of the head
and forearms beat volume (Elstad, et al., 2009; Trangmar and
Gonzalez-Alonso, 2017).

2.5 | Hematological parameters

Blood samples were taken via a venous cannula inserted into
a superficial antecubital vein for subsequent measurements of
hemoglobin (Hb) concentration via the azidemethemoglobin
method (HemoCue® Hb 201 + System, HemoCue AB) and
hematocrit (Hct), measured in quadruplicates using stand-
ard sodium-heparinized capillary tubes (micro-haematocrit
tubes, Hawksley) and centrifugation (5 min; HaematoSpin
1400, Hawksley) procedures. The percent changes in blood,
red cell, and plasma volumes were calculated from the Hb
and Hct values as described by Dill and Costill (1974). The
absolute changes in blood, red cell, and plasma volumes (L)
were then estimated using equations of Sawka et al. (1992).
The placement of a venous catheter was not successful for
one participant and therefore blood samples were obtained in
seven participants.

2.6 | Heart rate, arterial pressure, and body
temperatures

HR was monitored via a three-lead electrocardiogram. Arterial
blood pressure was measured non-invasively using finger pho-
toplethysmography (Finometer, Finapres Medical Systems).
The monitoring cuff was placed around the middle finger of
the right hand, with the forearm and hand supported so that
the cuff was at the vertical level of the heart. Core tempera-
ture (7,) was assessed using a commercially available rectal



he

WATANABE ET AL.

6 of 16 . .
0—I—Physmloglcal Reports gV &25‘;&; ol

probe (RET-1, Physitemp Instruments) inserted 15 cm past
the sphincter muscle and connected to a thermocouple meter
(TC-2000, Sable Systems). Mean skin temperature (7y) from
four sites (standard weightings of chest, arm, thigh, and calf,
(Ramanathan, 1964)) was obtained using a wireless monitor-
ing system (iButton®, Maxim Integrated). Analog signals of
the electrocardiogram, blood pressure waveform, and 7, were
sampled at 1,000 Hz using a data acquisition unit (Powerlab
16/30, ADInstruments) and analyzed using an off-line data
analysis software (LabChart 8, ADInstruments).

2.7 | Effective arterial elastance and LV
end-systolic elastance

It is known that the effective arterial elastance reflects the net
arterial load imposed on the LV, whereas the LV end-systolic
elastance is considered to be an integrated measure of LV per-
formance (Sagawa et al., 1977; Sunagawa et al., 1983). To obtain
additional information on the cardiac afterload and myocardial
contractility, we calculated noninvasive indexes of effective
arterial elastance (0.9 X systolic blood pressure/SV) and LV
end-systolic elastance (0.9 X systolic blood pressure/LVESV),
respectively (Chantler and Lakatta, 2012; Chantler et al., 2008).

TABLE 1

Exercise time (min)

2.8 | Statistical analysis

Data are presented as means + SEM unless otherwise stated.
Differences in measured variables were assessed using a
two-way repeated-measures analysis of variance (ANOVA)
in which trial (progressive dehydration and euhydration
control) and time (Rest, 30, 60, 90, and 118 + 1 min) were
the main factors. Tukey's honestly significant difference
(HSD) was used as a post hoc test. The relationships be-
tween selected physiological variables were evaluated using
Pearson's product-moment correlation analysis. Statistical
analyses were performed using IBM SPSS Statistics (ver-
sion 24, IBM). p-values < .05 were considered significant.

3 | RESULTS
3.1 | Hydration status and body
temperature

Prolonged exercise without fluid ingestion resulted in a
4.0 = 0.2% body mass reduction, reflecting a 2.0 + 0.2 kg
lower body mass at the end of exercise in the dehydration
compared with the euhydration trial (p < .01, Table 1). The

Hydration status and body temperature at rest and during prolonged exercise in the heat

Rest 30
Body mass, kg
Progressive dehydration 70.4 + 3.5 —
Euhydration control 70.1 £ 3.6 —
Body mass change, %
Progressive dehydration 0 —
Euhydration control 0 —
Red cell volume, L
Progressive dehydration 1.85 +0.1 1.79 £ 0.1
Euhydration control 1.85+0.1 1.83 £ 0.1
Plasma volume, L
Progressive dehydration 3.12+0.1 2.64 +0.1
Euhydration control 3.11 +£0.1 2.74 + 0.1
Rectal temperature, °C
Progressive dehydration 36.9 +£ 0.1 37.8 £ 0.1
Euhydration control 36.8 +0.1 37.8 +0.1
Mean skin temperature, °C
Progressive dehydration 359 +0.1 362+0.2
Euhydration control 35.7+0.1 36.3+0.2

60 90 118 + 1
— — 67.6 +3.5"
— — 69.7 +3.5
— — —4.0+02°
— — -0.6+0.1

1.79 + 0.1 1.75+ 0.1 1.74 +0.1"

1.80 + 0.1 1.83 + 0.1 1.82 +0.1

258+0.17 248 +0.1%" 242 +0.1%

271 +0.1 275 +0.1 275+ 0.1

38.2 + 0.05% 38.6 + 0.1%" 38.9 + 0.1%

38.1 + 0.05* 38.2 + 0.05* 38.3 +0.1*

36.1 0.2 36.3+0.2 36.3+0.2

36.1 0.2 36.0 + 0.2 36.1+0.3

Values are means + SEM. For body mass and rectal and mean skin temperatures, n = 8 subjects; for red cell and plasma volumes, n = 7 subjects.

*P < .05 versus 30 min.

P < .05 versus euhydration control.
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decline in body mass with dehydration was accompanied
by reductions in blood volume (—388 + 45 ml vs. euhydra-
tion, p < .01; Figure 4f) associated with decreases in both
estimated red cell and plasma volumes (p < .01; Table 1).
Concomitantly, 7, increased progressively in both trials
but was on average 0.6 + 0.1°C higher at the end of exer-
cise in the dehydration compared with the euhydration trial
(38.9 + 0.2 vs. 38.3 + 0.2°C, p < .01; Table 1). In contrast,
T, remained stable throughout exercise and was similar in
both trials (p > .05; Table 1).

3.2 | Systemic and peripheral
hemodynamics

Q was similar between trials during the early phase of exercise
(i.e., 30 min) but was 2.1 + 0.3 L/min lower at the end of ex-
ercise in the dehydration compared with the euhydration trial
(15.6 = 1.1 vs. 17.7 = 1.2 L/min, p < .01; Figure 3b). MAP,

Nihsonsca ) Physiological ReportsJﬂ

2\ Society physological

however, was similar in both trials (at the end of exercise,
p = .19; Figure 3a), indicating that TPR was higher at the end of
exercise in the dehydration compared with the euhydration trial
(5.5 + 04 vs. 49 + 0.3 mmHg/L. min”", p < .01; Figure 3c),
whereas systemic vascular conductance, the inverse of TPR,
was reduced (189 + 14 vs. 210 + 14 ml/min mmHg_l,p <.01).

BA blood flow was 14% lower at the end of exercise in the
dehydration compared with the euhydration trial (377 + 39 vs.
436 + 48 ml/min, p < .05; Figure 3d) caused by constriction
of the lower BA diameter (0.44 + 0.01 vs. 0.46 + 0.02 cm,
p < .05) while blood velocity was similar (p = .32). During
the second hour of exercise, CCA blood flow remained higher
than at rest in the euhydration trial, whereas in the dehydra-
tion trial, CCA blood flow returned gradually to the resting
level (Figure 3e). Similar to the changes in BA dynamics,
CCA diameter was lower (0.56 + 0.02 vs. 0.58 + 0.02 cm,
p < .05) while blood velocity was maintained (p = .33). A
similar pattern was observed in ICA blood flow and it was
lower at the end of exercise in the dehydration compared
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with the euhydration trial (287 + 20 vs. 323 + 19 ml/min,
p < .05; Figure 3f) in association with a lower ICA diameter
(0.45 + 0.02 vs. 0.46 + 0.01 cm, p < .05) but an unchanged
blood velocity (p = .14). BA vascular conductance was also
lower at the end of exercise in the dehydration compared with
the euhydration trial (4.6 + 0.5 vs. 5.2 + 0.6 ml/min mmHg_l,
p < .05). A similar trend was observed at 118 + 1 min in
ICA vascular conductance (3.5 + 0.3 vs. 3.9 + 0.3 ml/
min mmHg_l, p = .05) while CCA vascular conductance was
maintained (6.7 + 0.8 vs. 7.4 + 0.7 ml/min mmHg_l,p =.15).

3.3 | LV volumes, heart rate, peripheral
beat volume, and intraventricular
pressure gradients

SV decreased progressively during prolonged exercise
with dehydration (=27 + 3 ml vs. euhydration at the end

@ Progressive dehydration

of exercise, p < .01; Figure 4a). The lower SV was solely
related to reduced LVEDV (—31 + 4 ml vs. euhydration,
p < .01; Figure 4b), as LVESV decreased (=3 + 1 ml vs.
euhydration, p < .05; Figure 4b). During exercise, HR in-
creased progressively in the dehydration trial, but remained
stable in the euhydration trial such that HR at the end of
exercise was + 19 + 4 beats/min higher than the euhydra-
tion trial (p < .01; Figure 4d). Head and forearms beat vol-
ume, an index of peripheral beat volume or venous return,
decreased progressively with dehydration during the second
hour of exercise and it was —3.3 + 0.8 ml lower at the end
of exercise in the dehydration compared with the euhydra-
tion trial (12.0 = 1.2 vs. 15.2 + 1.3 ml, p < .01; Figure 4e).
The intraventricular pressure gradients from the LV base to
the apex were similar between the dehydration and euhydra-
tion conditions both at rest and during exercise (main effect
of hydration p = .22; time X hydration interaction effect
p = .58; Figure 4c).
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3.4 | LV twist mechanics and strains

LV twist did not change significantly during prolonged
exercise in either condition, but tended to be higher at
the end of exercise with dehydration (28 + 4 vs. 24 + 4
degrees, p = .09; Figure 5a). A similar trend was ob-
served at 118 + 1 min in the LV untwisting rate response
(=340 + 45 vs. =270 + 37 degrees/s, p = .06; Figure 5b).
Peak longitudinal, radial, and circumferential strains re-
mained stable throughout exercise in both trials (p > .05;
Table 2).

3.5 | Effective arterial elastance and LV
end-systolic elastance

Effective arterial elastance increased progressively with de-
hydration during the second hour of exercise and it was 19%
higher at the end of exercise in the dehydration compared with
the euhydration trial (1.31 + 0.08 vs. 1.06 + 0.05 mmHg/
ml, p < .01; Figure 6a). LV end-systolic elastance remained
stable throughout exercise and was similar in both trials
(p > .05; Figure 6b).
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FIGURE 5 LV twist (a) and untwisting rate (b) at rest and
during prolonged exercise in the progressive dehydration and
euhydration control trials. Data are means + SEM for eight subjects
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3.6 | Relationships between SV and
LVEDYV and between LVEDYV and blood
volume, peripheral beat volume, or LYV filling
time during exercise

A significant correlation was observed between reductions in
SV and reductions in LVEDV (r = .994, p < .01; Figure 7a)
during prolonged exercise with dehydration. Similarly, the
progressive decline in LVEDV correlated strongly with de-
creases in blood volume (r = .995, p < .01; Figure 7b), head
and forearms beat volume (r = .978, p < .05; Figure 7c), and
LV filling time (r = .982, p < .05; Figure 7d).

4 | DISCUSSION

This study carefully manipulated hydration status during in-
tense prolonged whole-body exercise in the heat to examine
its effects on LV volume and mechanics as well as periph-
eral and systemic hemodynamics and thereby gain insight
into the peripheral and central mechanisms underpinning
dehydration-induced cardiovascular strain. The main finding
was that the compromised Q due to reduced SV with progres-
sive dehydration and hyperthermia compared to euhydration
control was solely due to reduced LVEDV, as LVESV de-
creased, LV twist and untwisting rates tended to increase and
left intraventricular pressure gradients were maintained. The
lower preload of the heart was in turn associated with reduc-
tions in blood volume and peripheral beat volume suggestive
of reduced venous return and a tachycardia-induced shorten-
ing of LV filling time. Therefore, the findings suggest that
the decline in SV and Q with dehydration and hyperthermia
during prolonged whole-body exercise is intimately related
to the lowering in LV filling secondary to compromised ve-
nous return and diminished cardiac filling time, rather than
impaired intrinsic systolic or diastolic LV function.

From a conventional cardiac perspective, SV is thought
to be determined by intrinsic cardiac factors such as myocar-
dial contractility and extrinsic factors that alter preload and
afterload (Rowell, 1993). Speckle tracking echocardiogra-
phy affords insight into systolic and diastolic muscle func-
tion and thus the intrinsic myocardial function during the
cardiac cycle beyond the simple global estimates of cardiac
volumes and ejection fraction. A salient finding in the pres-
ent study is that systolic and diastolic cardiac muscle func-
tion was preserved during prolonged intense exercise even
in the dehydrated condition. Previous studies have shown
that, immediately after long-duration exercise (e.g., mar-
athon race) when body mass is lowered slightly or moder-
ately (~0.5%-2%), LV diastolic function is blunted (George
et al., 2005; Nottin et al., 2012; Oxborough et al., 2010), and
that LV systolic and diastolic function is depressed accom-
panying substantial (~3%—4.5%) body mass loss (Douglas
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et al., 1987; Niemeld et al., 1984; Nottin et al., 2009; Whyte
et al., 2000). In contrast, we found that systolic and diastolic
LV muscle function, as represented by systolic LV twist and
diastolic LV untwisting rate, was not reduced but tended to
increase with dehydration during prolonged exercise, which
is possibly attributable to the enhanced sympathetic nerve
activity (Gonzalez-Alonso et al., 1998, 1999). This suggests
that the dehydration-induced reductions in LVEDV and SV
are unrelated to depressed intrinsic systolic or diastolic car-
diac function. This idea is in agreement with our paralleled
observation of the constant LV end-systolic elastance and left
intraventricular pressure gradients suggestive of maintained
LV systolic performance and diastolic suction, respectively.

Afterload and preload are widely known extrinsic cardiac
factors affecting LV volumes during the cardiac cycle. From
the view of the heart, the LV needs to overcome the load im-
posed by aortic pressure to eject blood into the systemic cir-
culation during systole and adjust its preload and force and
rate of contraction to meet the peripheral needs for oxygen
and nutrient supply. However, the observed unaltered MAP
suggests that the distinct SV responses between hydration
conditions are unrelated to differences in afterload. Although
significant reductions in MAP have been observed with de-
hydration and hyperthermia in previous studies (Gonzélez-
Alonso et al., 1995, 1997, 1998, 2000; Trangmar et al., 2015),
the present result during semi-recumbent cycling agrees well

TABLE 2 Peak systolic and diastolic LV rotation and strain parameters at rest and during prolonged exercise in the heat

Exercise time (min)

Rest 30 60 90 118 + 1
Systolic component

Basal rotation, degrees

Progressive dehydration —42+12 -99+26 —-10.1 +2.7 —-12.7+2.7 —-11.8+24

Euhydration control -35+1.0 -11.0+24 —-109 +2.1 =107+ 2.5 -98+25
Apical rotation, degrees

Progressive dehydration 102+ 1.3 173 +29 19.7 £ 2.7 18.6 +2.6 19.1+29

Euhydration control 10.1 1.5 17.8 £2.4 16.0+ 1.6 16.1 +2.1 163 +2.5
Longitudinal strain, %

Progressive dehydration —18.9+0.6' —22.8+0.8 -21.6 £ 0.8 -22.0+0.8 -21.9+0.6

Euhydration control —18.1 +£ 0.7 -222+0.6 -235+1.0 —223+0.6 -229+1.0
Basal radial strain, %

Progressive dehydration 547 +54 392+72 39.6 +8.2 38.0+5.7 384+70

Euhydration control 50.7 +£ 6.0 38.5+8.5 404 +£5.2 395+5.5 40.0 £ 6.6
Apical radial strain, %

Progressive dehydration 229+53 34.6 +4.9 36.4 + 6.0 425+ 6.6 39.8 +6.3

Euhydration control 244 +5.6 41.5+8.7 38.8 +4.6 34.0+4.5 439+ 6.5
Basal circumferential strain, %

Progressive dehydration -189+14 -18.8 +2.1 —18.7+2.0 -185+1.6 —18.1+1.7

Euhydration control —18.0+ 1.7 -19.4+20 —-192+1.8 -195+15 -203+1.6
Apical circumferential strain, %

Progressive dehydration -262+12 -363 + 1.7 —-354+23 —-37.1+£2.5 -353+14

Euhydration control —-258 £1.7 -37.0+2.8 -36.3+£2.7 —347+24 —-349+1.8

Diastolic component

Basal rotation rate, degrees s

Progressive dehydration 61 + 47 123 +13 130 + 20 167 + 247 161 + 25

Euhydration control 51+4 139 £ 17 137+ 15 139 + 18 137 £ 16
Apical rotation rate, degrees s7!

Progressive dehydration —-80+7 —199 +21 —220 + 28 -218 + 30 —229 + 31

Euhydration control -84 + 11 —227+35 —193 + 26 —200 + 32 —183 +30

Values are means + SEM; n = 8 subjects.

p < .05 versus euhydration control.
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with a study demonstrating that the dehydration-induced
reduction in MAP during upright exercise was abolished
during exercise in the supine position (Gonzalez-Alonso
et al., 1999). The argument that the afterload remained un-
changed from the simple measure of MAP needs to be looked
at with caution because we also observed a paralleled in-
crease in effective arterial elastance, which is indicative of
an augmented net arterial load exerted on the LV with dehy-
dration and hyperthermia. However, the enhancement of LV
emptying (i.e., lowered LVESV) in this study suggests that
any rise in afterload to the LV was not a factor explaining the
SV decline.

Rather, the strong relationship between reductions in SV
and decreases in LVEDV supports a critical role of preload
in the reductions in SV (Figure 7a). Similar to findings at
rest and during single leg knee-extensor exercise (Stohr
et al., 2011a), we found that a substantial fall in LVEDV
but not an increase in LVESV occur with the development
of dehydration during prolonged whole-body exercise. Thus,
from the viewpoint of the heart, the reduced preload and
LV filling fully accounted for the SV decline. Whether the
right ventricle experiences similar reductions in filling could
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FIGURE 6 Effective arterial elastance (a) and LV end-systolic
elastance (b) at rest and during prolonged exercise in the progressive
dehydration and euhydration control trials. Data are means + SEM for
eight subjects. *p < .05 versus 30 min; Tp < .05 versus euhydration
control

&;Tbe‘., o gl Physiological Reports 11016

a
\Z Society shyslogeal

not be directly assessed in this study; however, the observa-
tions that the fall in LVEDV was strongly associated with
diminished blood volume and peripheral blood flow and beat
volume strongly support this notion (see Figure 7b). These
observations raise the question of whether direct evidence in
the literature substantiates the idea that alterations in vascu-
lar volume and flow influence the preload of the heart. In
their classic review, Parker and Case reported that acute re-
ductions in blood volume via phlebotomy in a cardiac patient
reduce SV and LV end-diastolic pressure whereas blood re-
infusion normalizes these responses (Parker and Case, 1979).
Recent studies in healthy young humans, however, reveal that
withdrawal of 20% of blood volume (~1.2 L) does not de-
crease SV or Q at rest and during short duration single leg
knee-extensor exercise (Gonzélez-Alonso et al., 2006; Roach
et al., 1999). These findings indicate that hypovolemia alone
does not affect cardiovascular function in conditions of low
cardiovascular load. In comparable conditions to this study,
however, plasma volume expansion in dehydrated and hyper-
thermic individuals has been shown to restore one-half of the
SV decline and attenuate the increase in HR such as that Q
is maintained during prolonged exercise in the heat (Montain
and Coyle, 1992a). It therefore seems that the dehydration-in-
duced blood volume loss can contribute, but does not fully
explain, the observed reductions in SV and o) during intense
prolonged exercise.

The decline in LVEDV with dehydration and hyperther-
mia was also strongly related to restrictions in LV filling
time (Figure 7d), suggesting that the presently observed ~19
beats/min higher HR at 2 hr of exercise in the dehydration
compared to control trial might have also influenced the SV
response. Human studies showing that raising HR by right
atrial pacing reduces SV and LVEDV (Bada et al., 2012;
Munch et al., 2014; Parker et al., 1971; Ross et al., 1965;
Stein et al., 1966) and lowering HR by f3;-adrenergic block-
ade increases SV (Fritzsche et al., 1999; Trinity et al., 2010)
argue strongly for this second possibility. The intimate rela-
tionships between the decline in LVEDV and the reductions
in peripheral blood flow and beat volume suggest that periph-
eral vascular factors might have also contributed the reduced
preload of the heart. In this context, levels of dehydration and
hyperthermia comparable to those observed in this study (i.e.,
3.5% body mass loss and +0.8-1.0°C in core temperature)
similarly reduced LVEDV (30-33 ml) and SV (21-22 ml) but
not Q or leg blood flow at rest and during single leg knee-ex-
tensor exercise in the face of a higher elevation in HR (22-36
beats/min) which can lead to a more pronounced reduction
in LV filling time (Pearson et al., 2013; Stohr et al., 2011a).
This contrasts starkly with our observation that the lower Q
with progressive dehydration and hyperthermia was accom-
panied by diminished non-exercising limb and brain blood
flow during prolonged whole-body exercise, in agreement
with previous findings (Gonzélez-Alonso et al., 1995, 1998;
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Montain and Coyle, 1992b; Trangmar et al., 2015). A signifi-
cant attenuation is also seen in exercising limb and skin blood
flow under these conditions (Gonzalez-Alonso et al., 1998).
These findings collectively suggest that the combination of
dehydration-induced hypovolemia and tachycardia-mediated
shortening of LV filling contributes to the gradual fall in
LVEDYV and SV with dehydration and hyperthermia, but the
ultimate fall in Q occurs only when peripheral perfusion and
concomitant venous return to the heart are also blunted owing
to the disproportionally greater reduction in LVEDV and SV
compared to the increase in HR.

An important question is whether a cause-and-effect rela-
tionship exists between the reduction in Q and the decrease
in peripheral blood flow. The prevailing view is that Q deter-
mines peripheral blood flow distribution, as in this model of
cardiovascular control the heart is the pump that provides the
total mechanical energy for blood's propulsion (Furst, 2020;
Guyton, 1967; Patterson and Starling, 1914; Rowell, 1993).
According to this view, the lower peripheral blood flow and
venous return occurring during prolonged exercise with de-
hydration and hyperthermia might be simply a consequence
of the lower Q. An alternative interpretation is based upon
the theory proposed more than half a century ago by Guyton
(Guyton, 1967) that Q is largely unaffected by the activity
of the heart, as discussed above in regard to cardiac pacing
(Bada et al., 2012; Munch et al., 2014; Parker et al., 1971;
Ross et al., 1965; Stein et al., 1966), and that venous return

170 190

LV filling time (ms)

plays a central role in control of Q (Joyce and Wang, 2020).
Our findings of regional beat volumes provide insight into
whether venous return is compromised when peripheral
blood flow is reduced with dehydration and hyperthermia.
The estimates including exercising limbs suggest that beat
volumes through the head, forearms and exercising legs were
reduced by ~20 ml. This value is consistent with the ~22 ml
average reduction in femoral beat volume directly observed
in our previous study measuring femoral venous flow during
prolonged upright cycling (Gonzalez-Alonso et al., 1998).
Visceral blood flow is also likely to decrease in these con-
ditions (Gonzalez-Alonso et al., 1998; Rowell et al., 1965).
Thus, it is quite plausible that the restricted peripheral blood
flow is associated with reductions in venous return to the
heart and these explain a large portion of the observed ~30 ml
fall in LVEDV and SV and thus Q.

Granting the possibility that the lower venous return
might be simply a consequence of the lower Q cannot be
ruled out, evidence from studies manipulating peripheral
blood flow provides crucial insight into the alternative view
that factors controlling the peripheral circulation largely de-
termine the output of the heart (Furst, 2020; Guyton, 1967;
Joyce and Wang, 2020). Human investigations using phar-
macologically-induced limb vasoconstriction (via intra-ar-
terial infusion of adenosine and the sympathomimetic
agent tyramine, or the combined blockade of prostaglan-
dins and nitric oxide using N®-monomethyl-L-arginine
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and indomethacin infusion) show decreases in Q in pro-
portion to the decrease in limb blood flow (Mortensen
et al., 2007; Rosenmeier et al., 2008), whereas limb vaso-
dilation (via intra-arterial infusion of ATP and other nucle-
otides) leads to a proportional increase in limb blood flow
and Q (Gonzélez-Alonso et al., 2008; Rosenmeier et al.,
2008). Superimposition of intra-femoral artery ATP infu-
sion during exercise also induces further peripheral vaso-
dilatation and increases in exercising limb hyperemia and
Q (Calbet et al., 2006; Rosenmeier et al., 2004). However,
comparable infusion of ATP into the femoral vein does
not change limb blood flow or Q (Gonzilez-Alonso
et al., 2008), suggesting that peripheral vascular mecha-
nisms causing vasodilatation and concomitant increases in
limb blood flow and venous return trigger the Q response.
Although whether pharmacologically-induced peripheral
vasodilatation can restore Q during exercise in dehydrated
and hyperthermic individuals warrants investigation, there
is compelling evidence that factors responsive to dehy-
dration such as vascular fluids, blood gases and tempera-
ture can drastically alter exercising limb vascular tone,
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and hyperthermia on cardiovascular function during whole body

Schematic illustration of the impact of dehydration

exercise according to the hydrodynamic equivalent of Ohm's law. This
states that perfusion pressure (MAP assuming right atrial pressure
is 0 mmHg) equals flow (Q) times total peripheral resistance (TPR).
Reductions in Q due to diminished SV are associated with increases
in TPR, as MAP is maintained. The SV decline in turn is solely the
results of lower LV end-diastolic volume (LVEDV), as LV end-
systolic volume (LVESV) and systolic function are not impaired.
Lower total blood volume and peripheral vasoconstriction (and/or
reduced peripheral perfusion) diminish venous return to the heart
and thereby reduce LVEDV. Concomitant tachycardia-mediated
restrictions in LV filling time also contribute to the reduction in
LVEDV. Increases in LV diastolic function blunts the effects of
hypovolemia, tachycardia and vasoconstriction thereby preventing
greater reductions in LVEDV

blood flow and Q (Chiesa et al., 2015; Gonzélez-Alonso
etal., 2006; Roach et al., 1999). In that light, the reductions
in forearm and brain blood flow with progressive dehydra-
tion in the present study were associated with a decrease
in regional vascular conductance underpinned by decreases
in vessel diameter. Taken together, these findings support
the hypothesis that the peripheral mechanisms restricting
blood flow with dehydration and hyperthermia due to aug-
mented vasoconstriction play a role in the impaired central
hemodynamics through reducing venous return and LV fill-
ing (Figure 8).

4.1 | Limitations and methodological
considerations

In this study, we did not directly measure venous blood flow
toward the heart (e.g., flow in the inferior and superior vena
cava) or right heart volume and function to exclude altera-
tions in pulmonary hemodynamics as a factor influencing the
SV and Q To estimate venous return response, we obtained
peripheral (head and forearms) beat volume as calculated
previously (Elstad et al., 2009; Trangmar and Gonzélez-
Alonso, 2017) based on an assumption that it tracks changes
in the amount of venous blood volume moving each cardiac
cycle under steady-state condition. Our interpretation of the
venous return response was based not only on this index but
also on the echocardiographic data (i.e., LVEDV) and thus
our conclusion about venous return remains intact. Moreover,
this notion is consistent our direct measurements of exercis-
ing leg blood flow in the femoral vein with thermodilution
(Gonzalez-Alonso et al., 1998). Nevertheless, it would be im-
portant to follow up with specific venous flow measurements
to confirm the present observations.

5 | CONCLUSIONS
The present findings demonstrate that, during prolonged
whole-body exercise in humans, the combination of dehy-
dration and hyperthermia leads to impaired SV and ulti-
mately Q because of a reduced LV filling. The decreased
preload of the heart is in turn associated with concomi-
tant hypovolemia, reduced venous return possibly due to
blunted blood perfusion induced by enhanced peripheral
vasoconstriction, and diminished cardiac filling time ac-
companying tachycardia. In contrast, impaired intrinsic
myocardial contractility and relaxation do not appear to be
the factor responsible for the cardiovascular strain accom-
panying progressive dehydration and hyperthermia during
prolonged exercise in the heat. These findings highlight
the importance of peripheral mechanisms in cardiac per-
formance during intense exercise.
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