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Abstract

Heat acclimation (HA) may improve the regulation of cardiac output (Q) through increased
blood volume (BV) and left ventricular (LV) diastolic filling, and attenuate reductions in Q
during exercise-induced dehydration; however, these hypotheses have never been directly
tested. Before and following 10-days exercise HA, eight males completed two trials of
submaximal exercise in 33°C and 50% relative humidity while maintaining pre-exercise
euhydrated body mass (EUH; -0.6+0.4%) or becoming progressively dehydrated (DEH; -
3.6+0.7%). Rectal (Tre) and skin (Tsk) temperatures, heart rate (HR), LV volumes and function,
systemic hemodynamics and BV were measured at rest and during bouts of semi-recumbent
cycling (55% VOamax) at 20, 100 and 180 min, interspersed by periods of upright exercise. Tre,
BV, HR, LV volumes, LV systolic and diastolic function and systemic hemodynamics were
similar between trials at rest and during the first 20 min of exercise (all P>0.05). These
responses were largely unaffected by HA at 180 min in either hydration state. However, DEH
induced higher Tr (0.6+0.3°C) and HR (16+7 beatsmin™') and lower stroke volume (2616
ml), end-diastolic volume (29+16 ml) and Q (2.1+0.8 L'min"") compared to EUH at 180 min
(all P<0.05), yet LV twist and untwisting rate were increased or maintained (P=0.028 and 0.52,
respectively). Findings indicate HA has minimal effects on LV volumes, LV mechanical
function and systemic hemodynamics during submaximal exercise in moderate heat where HR
and BV are similar. In contrast, DEH evokes greater hyperthermia and tachycardia, reduces

BV, and impairs diastolic LV filling, lowering Q, regardless of HA state.

New and noteworthy

This study demonstrates that 10 days of exercise heat acclimation has minimal effects on left
ventricular volumes, intrinsic cardiac function and systemic hemodynamics during prolonged,
repeated semi-recumbent exercise in moderate heat, where heart rate and blood volume are
similar to pre-acclimation levels. However, progressive dehydration is consistently associated
with similar degrees of hyperthermia and tachycardia, and reductions in blood volume,
diastolic filling of the left ventricle, stroke volume and cardiac output, regardless of acclimation

state.
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Introduction

Cardiovascular adaptations to heat acclimation (HA) are considered integral for the regulation
of cardiac output (Q), blood pressure and peripheral blood flow, such that exercise
tolerance/performance can be enhanced in hot conditions (40, 54). The available evidence,
however, indicates that the Q response to HA varies widely; decreasing (60), remaining
unchanged (19, 24, 27, 35, 43, 61) or increasing (36) during exercise in the heat. This
discrepancy in the literature, which may reflect differences in exercise intensity, type and
severity of heat stress, training or hydration status (40), and the number of participants between
HA conditions (35, 36), questions whether HA per se enhances cardiovascular function during

exercise.

According to classic models of cardiovascular control, HA could modulate cardiac function
during exercise by altering preload, afterload, and/or intrinsic cardiac function (23). However,
evidence directly supporting these mechanisms is limited. Firstly, heart rate (HR) is lowered,
while stroke volume (SV) and blood volume (BV) are reportedly enhanced (49, 61), but central
blood volume (43) and exercising leg and forearm blood flows are unchanged with HA during
submaximal exercise (35, 36). It is therefore unclear whether enhanced preload of the heart
may be a mechanism increasing SV with HA, independently of the confounding effects of
exercise training (37). Secondly, there is limited and conflicting data regarding the effects of
HA on mean arterial pressure (MAP; 13, 21, 24), and no data on effective arterial elastance,
which is indicative of net arterial load or afterload. While resting MAP may be reduced in
sedentary healthy individuals following passive heat therapy (5), exercising MAP has been
shown to be reduced (13), unaltered (19, 21) or increased (24) following exercise HA. Lastly,
evidence of the intrinsic cardiac function responses to exercise HA is scant. In the rodent
model, cardiac muscle exhibits a transient increase in autonomic excitability, enhanced left
ventricular (LV) compliance and contractility, and lowered myocardial oxygen consumption
with prolonged passive HA (>1 month; 17,18). HA studies in humans to date have quantified
Q and derived SV (19, 24, 27, 35, 36, 43, 60, 61), therefore, the direct effects of HA on intrinsic
cardiac contractile function and the filling and emptying of the LV at rest and during intense
dynamic exercise in the heat are yet to be determined. Acutely, SV is maintained under heat
stress at rest and during small muscle mass exercise while Q is increased, despite a reduction
in diastolic filling pressure and end-diastolic volume (EDV; 4, 51). To compensate for

reductions in filling pressure, LV systolic twisting and diastolic untwisting are enhanced in
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proportion to the magnitude of heat stress to support the emptying and filling of the LV,
respectively (34, 51). In addition, observations during dobutamine infusion (38) suggest that
LV contractility may be enhanced in response to heat stress and increased sympathetic tone.
Whether LV function is enhanced during dynamic exercise in response to HA-induced
adaptations such as reduced body temperature, heart rate and perhaps sympathetic nervous

activity (20, 36), is unknown.

HA increases the sensitivity and rate of sweating, improving evaporative heat exchange from
the body to the environment (40, 54). However, profuse sweating during prolonged exercise in
the heat results in progressive dehydration when fluid replacement is inadequate. Dehydration
leads to decreases in BV and elevations in body temperature, which are associated with
reductions in Q, SV and to a lesser extent arterial pressure, compared to euhydrated exercise,
with parallel increases in peripheral vascular resistance (17). The reductions in Q and SV occur
in proportion to the deficit in total body water (29), but the overall degree of cardiovascular
strain depends on the environmental conditions and the intensity and mode of exercise (31, 50,
59). Recently, Watanabe et al. (59) postulated that dehydration reduces SV and Q during
intense whole-body exercise in the heat via impaired cardiac filling and venous return, as
intrinsic LV diastolic and systolic function tends to be enhanced, but brain and exercising, and
non-exercising limb blood flow and beat-volume are compromised (16, 56, 59). Similar
dehydration-induced impairments in thermoregulatory and cardiovascular function have been
observed acutely in partially heat acclimated individuals (16, 17). However, the extent to which
HA status influences cardiovascular and thermoregulatory responses to dehydration is unclear.
Moderate exercise-induced dehydration following long-term HA has been shown to result in
smaller increases in HR and core temperature compared to pre-HA levels (39). HR during
exercise-heat stress following overnight dehydration (~3-5%) has also been shown to be
reduced (46) or unchanged (7) after HA. Similar to the mechanisms discussed above, a blunting
of the HR and thermal responses to exercise post-HA may attenuate impairments to venous
return with mild dehydration and therefore improve central hemodynamics. However, Q and
SV responses during brief periods of exercise following diuretic administration are similarly
reduced compared to euhydrated controls before and after short-term HA (22). Therefore,
despite indications that hypohydration acutely influences the thermoregulatory and
cardiovascular responses to exercise-heat stress following HA, the effects of HA on mild and

more pronounced exercise-induced dehydration warrants further investigation.
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The aim of this study was to directly determine the diastolic and systolic LV volumes and
function and systemic hemodynamics during dynamic exercise under moderate heat stress with
distinct hydration status. By doing so, the study sought to generate further insight into the
mechanisms underpinning the cardiovascular responses to HA and the potential interaction
with acute changes in hydration. Echocardiographic and hematological measurements were
conducted during repeated bouts of semi-recumbent cycling before and after exercise-HA.
Responses were determined while euhydration was maintained and during matched levels of
dehydration before and following HA. It was hypothesized that SV during exercise would be
increased following HA with both maintained euhydration and progressive dehydration, via an
increased EDV and BV, and decreased HR. However, pronounced dehydration following HA
would result in lower exercising Q compared to euhydration, associated in part with a reduced

BV and impaired diastolic ventricular filling, rather than a blunted LV function.

Methods

Participants

Eight males with an average age, height, body mass and VOamax of 33 £ 5 years, 176 + 5 cm,
75.4 + 4.7 kg and 3.89 + 0.47 L'min’! volunteered to take part in this study. Participants were
all trained cyclists and triathletes regularly training >5 h per week and were free from illness
or injury. Participants provided written informed consent for their participation prior to
undergoing a pre-screening procedure that involved a health questionnaire and resting
echocardiographic assessment. All participants had a structurally and functionally normal heart
as confirmed by an experienced sonographer. The study was approved by Anti-Doping Lab
Qatar Research Ethics Committee (Approval no. F201500105) and conducted in accordance

with the Declaration of Helsinki.
Experimental design

A within participant, repeated measures study was completed whereby participants underwent
two trials of prolonged dynamic exercise in the heat (Figure 1). Throughout each trial,
euhydrated pre-exercise body mass was either maintained (EUH) or decreased with progressive
exercise-induced dehydration (DEH). The order of trials was randomized and counterbalanced
and trials were repeated following a 10-day exercise HA intervention at a controlled HR. The

current experiments are part of a larger project and the adaptations associated with HA and
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their effects on performance published elsewhere (57). Briefly, HA consisted of 90 min of EUH
cycling exercise in environmental conditions of 40°C and 40% relative humidity. The initial
15 min period was conducted at a workload eliciting 65% VOazmax, thereafter workload was
altered to maintain a HR corresponding to that intensity (147 + 6 beats'min’"). Absolute red cell
volume, PV and BV were determined prior to each experimental trial. Food and fluid intakes
were recorded over the 24 h period prior to the first experimental trial and were replicated prior

to each subsequent experiment.
Pre-experimental procedures

Participants attended the laboratory on four separate occasions prior to the commencement of
the first experimental trial. During two visits separated by a minimum of 24 h, maximal
incremental tests to exhaustion were conducted during upright (Lode Excalibur Sport,
Groningen, The Netherlands) and semi-recumbent (Ergoselect, Ergoline, GMbH, Germany)
cycling exercise, respectively. Each test was used to determine the workloads and target HR
for the experimental trials and HA sessions. Tests were conducted in a temperate environment
(19.2 £ 1.9°C and 63 £ 10% relative humidity) and participants wore cycling shorts, socks and
shoes throughout. Following completion of the semi-recumbent test, participants rested in the
laboratory for 30 min to allow their body temperature to return to pre-exercise levels.
Thereafter, they entered an environmental chamber with target ambient conditions of 33°C and
50% relative humidity (TEMI 1000, Sanwood Environmental Chambers co., Taiwan) and
completed 60 min of upright cycling exercise at a workload equivalent to 65% VOazmax (171
21 W). Ad libitum fluid intake was recorded and used to correct for changes in nude body mass

for the calculation of hourly sweat rate.

On two separate visits, hemoglobin mass (Hbmass) was determined via a modified optimized
carbon monoxide rebreathing technique (48). In any case where Hbmass differed by >2%
between measurements, the test was repeated before the study progressed. The typical error
associated with this technique was 0.63%. Carbon monoxide rebreathing was repeated once 24

h following the final day of HA to account for potential changes in Hbmass.
Experimental trials

The experimental procedures are outlined in Figure 1. Participants arrived at the laboratory at
similar times of day >2 hrs post-prandial and provided a urine sample before a measurement

of nude body mass was recorded to the nearest 100 g (SECA 798, Germany). A urine specific
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gravity <1.020 was considered indicative of euhydration (1) and was measured using a
refractometer (PAL-10s, ATAGO, Tokyo, Japan). Participants then self-inserted a rectal
thermistor (DM 852, Ellab, A/S, Hillerad, Denmark) and donned a HR monitor (RS800CX,
T31-Coded Transmitter, Polar Electro, Kempele, Finland), cycling shorts, socks and shoes
before lying supine in the main laboratory. A cannula was inserted into a right antecubital vein
and flushed with 2 ml of saline before electrocardiogram sensor electrodes and skin
temperature thermistors (iButtons, Maxim Integrated Products, Sunnyvale, CA, USA) were
applied. After a period of 10 min rest, HR was recorded over a 2 min period before a duplicate
measurement of blood pressure was manually assessed using a sphygmomanometer. A resting
blood sample was collected before participants entered an environmental chamber and mounted
the semi-recumbent cycle ergometer. Environmental conditions in the chamber averaged 33.0
+ 0.3°C and 50 + 4% relative humidity throughout experimentation. The ergometer was tilted
longitudinally, and participants adopted the left lateral decubitus position for 5 min before
resting measurement of LV volumes and function were recorded. Once completed, participants
were returned to a semi-recumbent position and began exercising at a workload equivalent to
55% VO2max (135 + 18 W) for a period of 5 min to ensure a steady state was achieved.
Participants continued to cycle while blood pressure was recorded, the ergometer was again
tilted, and echocardiographic assessments and blood sampling were repeated over a further 15

min.

Following initial resting and exercising measurements, participants transferred to the upright
cycle ergometer and exercised for 60 min at 65% VOamax. Fluid intake was prescribed over this
period and consisted of a 0.1% electrolyte drink (HIGHS ZERO, H5, Bardon, UK) divided into
four equal aliquots to the nearest 1 ml. The total volume consumed was equivalent to either
90% (EUH) or 10% (DEH) of expected hourly sweat loss and was calculated from the pre-
experimental visit and the final day of HA for pre- and post-HA trials, respectively. Intake
began at the onset of upright exercise and subsequent aliquots were provided after 15, 30 and
45 min of cycling. A fan directed at participants throughout all periods of exercise provided 3
m's” convective airflow. At the end of each period of upright exercise, participants removed
all clothing except instrumentation and towel dried non-evaporated sweat before body mass
was measured within the chamber to determine changes in total body water. Participants then
re-dressed, mounted the semi-recumbent ergometer and completed the exercising measurement

period. This process was then repeated a final time before the end of the trial. Thus,

measurements of blood pressure, BV and LV volumes and function were conducted at rest and
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after 20, 100 and 180 min of dynamic exercise in the heat (Figure 1). Experimental trials were
separated by a period of 1-2 days of complete rest that was standardized within-participants

pre- and post-HA.
Measurement procedures

Rectal temperature (Tr) was measured via an individualized re-usable thermistor placed 15 cm
beyond the anal sphincter. Mean skin temperature (Tsk) was calculated as an area weighted
mean from measures taken from the chest, upper arm, thigh and lower leg as previously
described (41). Ts and Tre were recorded at rest and at the beginning and end of each semi-
recumbent exercise period. HR, Ts and Tre were also recorded every 5 min and the rating of

perceived exertion (3) and thermal comfort (2) every 10 min during periods of upright cycling.

Venous blood samples were drawn into 2 ml lithium heparinized syringes (PICO 50,
Radiometer) following a 2 ml discharge immediately after echocardiographic measurements.
The cannula was then flushed with ~5 ml of saline. Whole blood was immediately analyzed in
triplicate for measurements of metabolite, electrolyte and hemoglobin concentration and
hematocrit (ABL90 FLEX, Radiometer, Bronshgj, Denmark). Absolute BV was measured as
HBmass/venous hemoglobin concentration x 100, where Hbmass and hemoglobin concentration
are in g and g-dl’!, respectively. Red cell volume was calculated as percentage hematocrit/100
x BV. Plasma volume (PV) was then calculated by subtracting red cell volume from BV. The
measurement error for Hbmass, hemoglobin concentration and hematocrit were 0.63%, 0.30%

and 0.20%, respectively.

Echocardiographic images were recorded by an experienced sonographer at a standardized
order and depth for each participant. All images were collected using a commercially available
ultrasound machine (CX50 POC, Philips Healthcare, The Netherlands) and 5 MHz sector array
probe (S5-1, Philips Healthcare). Frame rate was fixed at 60 Hz for 2D image acquisition, the
maximal achievable from the ultrasound machine. A minimum of six images were recorded of
each view and analysis was conducted over three consecutive cardiac cycles where possible.
All images were conducted at the end of expiration. Initial recordings of the short axis base and
apex were made before apical 2- and 4-chamber images were acquired. Pulsed-wave tissue
Doppler recordings of the septal mitral and lateral annulus were also recorded at rest. All
images were exported, de-identified and analysed offline (Q Station 3.0, Philips Healthcare,

The Netherlands) at the end of the data collection period as to avoid confirmation bias. LV
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mass was calculated pre- and post-HA from images acquired at rest as previously described
(47). Diastolic and systolic LV volumes were determined using the Simpson’s method of bi-
plane disc summation while HR was recorded via a 3-lead electrocardiogram inherent in the
ultrasound. The co-efficient of variation for repeated exercising hemodynamics using

echocardiography was between 6-10%. Q was calculated as the product of HR and SV.

MAP was calculated as ((2 x DBP) + SBP)/3, where DBP and SBP are diastolic and systolic
blood pressures, respectively. Total peripheral resistance (TPR) was calculated as MAP/ Q.
Effective arterial elastance, an indirect measurement of the net arterial load imposed on the
LV, was calculated as 0.9 x SBP/SV (8, 9). LV end-systolic elastance, considered an integrated
measure of LV performance (45) was calculated as 0.9 x SBP/ESV (9), where ESV is end-
systolic volume. Ventricular-arterial coupling was calculated as the quotient of end-systolic

elastance and effective arterial elastance (53).

2D speckle tracking of the short-axis base and apex was used to derive circumferential strain,
strain rates and rotational parameters, while longitudinal strain was determined from the apical
4-chamber view as described previously (50, 51). Briefly, diastolic and systolic frame-by-
frame data were normalized to their respective percentage of duration and interpolated
separately to 300 data points using cubic spline interpolation (GraphPad Prism 5, San Diego,
CA). Twist, untwisting and the respective velocities were obtained by subtraction of basal
rotation/velocity data from apical rotation/velocity data. Peak untwisting velocity was

determined as the greatest negative deflection following peak twisting velocity.
Statistical analyses

Two-way ANOVA (hydration x HA) with repeated measures analyses were used to compare
measurements recorded at rest and at the end of upright cycling exercise. Separate three-way
(hydration x time x HA) ANOVA’s were used to compare measurements during semi-
recumbent cycling exercise. Mauchley’s test was used to test the assumption of Sphericity. In
cases where this assumption was violated a Greenhouse-Geisser correction factor was applied.
Bonferroni post-hoc testing was employed to determine where differences occurred. Wilcoxon
signed rank tests were used to analyse ordinal rating of perceived exertion and thermal comfort
data. Relationships between selected physiological variables pre- and post-HA were evaluated

using Pearson’s product-moment correlation. All statistical analyses were conducted using
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SPSS (Version 21, IBM, Armonk, US). Results are reported as mean + SD. The level of

significance was set at P<0.05.

Results

Heat acclimation intervention summary

Resting Tre and HR were similar during the 10-days of HA (P = 0.438 and 0.34, respectively,
Supplemental Figure S1). Tre after 15 min of fixed workload exercise was unaffected by HA,

averaging 37.5+0.3°C on day 1 and 37.4 + 0.2°C on day 10, respectively (P =0.29). However,

over the same period, HR was 11 + 8 beatsmin™ lower on day 10 compared to day 1 (P =
0.002). During the 75 min of exercise at a target HR, total work increased by 112 £+ 16 kJ (18
+ 7%) over the 10 days of HA (P <0.001). Exercise at a controlled HR resulted in an elevated
Tre, which averaged 38.5 £ 0.3°C for the final 60 min of exercise each day of HA. Sweat rate
increased by 13 £ 12% between day 1 and 10 of HA (P = 0.01). Full responses to the 10 day
HA protocol are published in detail elsewhere (57).

Resting responses to heat acclimation

Participants attended the laboratory in a well-hydrated state as indicated by similar urine
specific gravity (1.013 = 0.008, P = 0.24) and nude body mass (75.2 = 4.7 kg, P = 0.21)
measurements between trials. There was a 2.1% decrease in Hbmass from 882 + 69 g pre-HA to
863 = 78 g 24 h following day 10 of the HA intervention (P = 0.03). Post-HA hematological
responses were therefore calculated using this value. Resting red cell volume tended to be
slightly reduced following HA (31 £ 37 ml, P = 0.052). No other effects of HA were observed
on resting venous blood constituents, absolute BV and PV, which did not differ between trials

(all P> 0.05, Table 1, Figure 3).

HA did not alter resting Tre or Tsk (both P > 0.05, Figure 2). There was no main effect of HA
on resting HR (P = 0.14) which averaged 60 + 7 beatsmin™ in pre-HA trials and 56 + 4
beatsmin! in post-HA trials, respectively (Figure 3). There was main effect of HA on resting
SV (P =0.003) which was only slightly greater (6 + 5 ml) post-HA, however resting Q was not
altered, averaging 5.31 + 0.65 in the pre- and 5.33 = 0.77 L'min"! in the post-HA trials,
respectively (P = 0.93). Systolic and diastolic LV volumes also did not differ between trials
(all P> 0.05, Figure 3). Resting SBP and DBP were 120 + 13 and 63 + 15 mmHg pre-HA and
118 £ 8 and 61 £ 10 mmHg post-HA (P = 0.241 and 0.271, respectively). Resting MAP was

10
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not altered by HA (P = 0.21, Figure 4). There was a main effect of HA on decreasing resting
effective arterial elastance (0.10 = 0.11 mmHgml™!, P =0.014). Resting LV systolic elastance
(P =0.85) and ventricular-arterial coupling (P = 0.085) were not altered by HA (Figure 5).

LV mass was unchanged by HA, averaging 174 + 10 g pre-HA and 175 £ 9 g post-HA,
respectively (P = 0.80). Similarly, LV systolic and diastolic function was largely unaltered by
HA as there were no differences in basal, apical or longitudinal strain and strain rate

parameters, and LV rotation and rotational velocities were also similar between trials (all P >

0.05, Tables 2-4, Figure 6).
Responses to initial 20 min semi-recumbent cycling

Throughout the initial 20 min of semi-recumbent exercise, thermal and peripheral
hemodynamic responses and BV were similar between all four trials as participants were still
euhydrated (all P > 0.05, Figures 2-4). Initial exercising Q was unaltered by HA and was
associated with similar HR and LV volumes, mechanical and strain responses between trials
(Figures 3-6, Tables 3 and 4).

Upright exercise, hydration status and acclimation

Greater fluid intake was prescribed post-HA, increasing from 2.7+ 0.5 L to 3.2+ 0.4 L in EUH,
and from 0.7 £ 0.1 L to 0.8 = 0.4 L in DEH trials (both P < 0.05) to account for increases in
sweat rate throughout the 10-day HA period (P = 0.01). This resulted in similar body mass
changes during exercise pre- and post-HA (P = 0.28). Body mass was generally maintained in
EUH trials, averaging -0.6 = 0.4% of pre-exercise values at 180 min. In contrast, fluid
restriction resulted in average body mass deficits of 1.8 + 0.3% at 100 min and 3.6 + 0.7% at
180 min, respectively (both P <0.001).

During the EUH trial, average Tre during upright exercise decreased from 38.4 £+ 0.2°C pre-HA
to 38.3 + 0.1°C post-HA (P = 0.006) and was 0.2 + 0.1°C lower at the end of the upright
exercise period post-HA (P = 0.014). Average exercising HR was also lowered from 156 + 8
to 149 + 6 beatsmin™' with EUH following HA (P = 0.012) and was 7 + 8 beats'min™! lower at
the end of upright exercise (P = 0.04). In contrast, average Tre during upright exercise with
DEH (38.5 £ 0.2°C) was not altered post-HA (38.5+ 0.3, P=0.41). Average upright exercising
HR with DEH was also unaltered, averaging 160 + 6 and 157 £ 7 beatsmin™' pre- and post-HA,

respectively (P = 0.19). Rating of perceived exertion at the end of upright exercise decreased

11



333
334
335
336

337

338
339
340
341
342
343
344
345
346

347
348
349
350
351
352
353
354
355
356
357
358

359
360
361
362
363

with HA, averaging 15 + 2 pre-HA and 13 + 2 units post-HA with EUH (P =0.016) and 16 £
2 units pre-HA and 15 + 2 units post-HA with DEH (P = 0.03), respectively. Thermal comfort
was not altered by HA in either condition, averaging 5.2 = 0.8 units at the end of upright

exercise (all P> 0.05).
Heat acclimation effects on semi-recumbent exercise bouts at 100 and 180 min

The Tre responses to periods of semi-recumbent exercise were not altered by HA in either
condition (P = 0.10), averaging 38.3 + 0.2°C and 38.9 + 0.4°C at 180 min with EUH and DEH,
respectively. There were also no HA (P = 0.18) or time (P =0.78) effects on Tsk during exercise,
which averaged 34.1 + 0.8°C throughout all periods of semi-recumbent exercise (Figure 2).
Similar to resting responses, there was no effect of HA on BV responses during exercise in
either hydration state (both P > 0.05, Table 1, Figure 3). HR during semi-recumbent exercise
was also unaltered by HA (P = 0.17), and was 139 £ 7 pre- and 135 + 8 beatsmin™! post-HA
with EUH (P=0.07) and 150 + 10 pre- and 151 + 10 beatsmin™! post-HA with DEH (P = 1.00)
at 180 min, respectively (Figure 3).

There was a main effect of HA on Q (P = 0.04) and a tendency for a HA-time interaction effect
(P = 0.053). Pairwise analyses indicated Q was ~5% greater post-HA with EUH (0.7 £ 0.7
Lmin!, P =0.031), reaching 15.1 £ 1.6 L'min’! prior to the end of exercise (Figure 4). This
was associated with a slightly greater SV at 180 min with EUH exercise post-HA (9 = 6 ml, P
= 0.013). Despite the increase in SV there was no effect of HA on diastolic or systolic LV
volumes (both P > 0.05). However, a HA-hydration-time effect was observed for EDV (P =
0.015). Pairwise analyses identified a slight 7 = 5 ml decline in EDV with EUH pre-HA (P =
0.01) which was otherwise maintained post-HA (P = 1.0). There was also little to no effect of
HA on LV function during exercise. A main effect of HA was observed in peak systolic apical
strain (P = 0.026), but no pairwise differences were identified between trials (all P > 0.05). All
other systolic and diastolic rotation, twist and strain parameters were similar pre- to post-HA

with EUH (all P> 0.05, Tables 3 and 4, Figure 6).

There was a main effect of time on exercising SBP and DBP (both P < 0.01). Exercising SBP
responses were similar pre- and post-HA (P = 0.499) and a significant main effect of HA was
observed on DBP (P = 0.015). Pairwise analyses indicated a 6 + 5 mmHg decline in SBP from
20 to 180 min of EUH exercise post-HA (P = 0.049), while DBP was 3 + 3 mmHg lower at
180 min compared to pre-HA (P = 0.018). MAP tended to decrease with HA (P = 0.06), but

12
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no pairwise differences were observed between pre- and post-HA responses to exercise (all P
> 0.05). There were main effects of time and HA (both P <0.001) on TPR as well as a hydration-
time interaction effect (P = 0.007), which was significantly lower post-HA with EUH from 100
min (P < 0.05, Figure 4). Similarly, there was also a main effect of HA (P = 0.048) and time
(P =0.007) on effective arterial elastance, which was significantly lower post-HA at 180 min
with EUH (0.10 + 0.11 mmHgml!, P = 0.03, Figure 5). LV end-systolic elastance remained
stable during exercise and was not altered by hydration or HA status (all P > 0.05, Figure 5).
There was a main effect of HA (P = 0.024) and time (P < 0.001) on ventricular-arterial
coupling, which was significantly greater with EUH post-HA at 180 min (0.38 £+ 0.39, P =
0.027 Figure 5).

Exercise-induced dehydration following acclimation

Exercise-induced dehydration was associated with significant declines in PV (11 £+ 4%, P =
0.001) and BV (6 + 2%, P = 0.001) between 20- and 180-min post-HA (Table 1, Figure 3B).
DEH also resulted in significantly greater increases in Tre (0.6 £ 0.4°C, P =0.004) and HR (16
£ 7 beatsmin™!, P < 0.001) compared to EUH post-HA at 180 min (Figures 2 and 3).

Q was maintained pre-HA with mild DEH at 100 min despite greater increases in Tr. and HR
and lower SV compared to EUH (all P < 0.05). In contrast, Tre, HR and SV were similar
between trials at 100 min post-HA (all P > 0.05, Figures 2-3). However, no effect of HA was
observed on the DEH responses to exercise (P> 0.05). Instead, Q declined from 100 min with
DEH post-HA (1.3 £ 0.7 L'min™!, P=10.004) and was 2.1 + 0.8 L'min™' lower compared to EUH
at 180 min (P < 0.001, Figure 4). This was associated with a 26 + 9 ml lower SV and 29 + 16
ml lower EDV at the end of exercise compared to EUH (both P =0.001, Figure 3). There was
a main effect of hydration status on SBP (P = 0.029), which was 9 = 9 mmHg lower with DEH
compared to EUH at 180 min post-HA (P = 0.034). Exercising DBP was not altered by
hydration status (P = 0.218). There was also a tendency for a main effect of hydration (P =
0.08) and a significant main effect of time (P = 0.001) on MAP. Pairwise analyses identified
MAP declined slightly during DEH exercise and tended to be 6 = 8 mmHg lower with DEH
compared to EUH after 180 min post-HA (P = 0.07). No differences in TPR were observed
between EUH and DEH exercise post-HA (all P > 0.05, Figure 4). Effective arterial elastance
increased with progressive dehydration post-HA (P < 0.001) and was 0.29 + 0.18 mmHg'ml!
greater compared to EUH post-HA at 180 min (P = 0.003). Ventricular-arterial coupling was
not altered by hydration status (P = 0.693, Figure 5).
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There was a significant correlation between a decline in SV and reductions in EDV both pre-
(r=10.664, P < 0.001) and post-HA (= 0.691, P < 0.001). Similarly, there were significant
correlations for progressive declines in EDV during exercise and reductions in BV (r = 0.484
pre- and 0.528 post-HA, respectively; both P < 0.001) and increases in HR (» = 0.467 pre- and
0.464 post-HA, respectively; both P < 0.001; Figure 7).

Despite the decline in Q and SV, LV twist mechanics and strain were mostly unchanged or
slightly enhanced by DEH (Tables 3 and 4, Figure 6). Peak systolic basal circumferential and
longitudinal strains were slightly lower post-HA with DEH compared to EUH at 180 min (P <
0.05, Table 3). However, basal and apical systolic rotation and systolic and diastolic rotational
velocities all increased with DEH from 20 min post-HA (all P < 0.05, Tables 3 and 4).
Similarly, there was no effect of hydration post-HA on twist parameters (all P > 0.05), with
peak twist increasing slightly (P = 0.022) and peak untwisting velocity maintained (P = 0.20)
from 20 min with DEH (Figure 6).

Discussion

The main findings of the study are that i) HA has minimal effects on LV diastolic and systolic
function, LV volumes and systemic hemodynamics at rest and during brief (20 min)
submaximal exercise under moderate heat stress while euhydrated where BV and HR are
similar pre- and post-HA and, ii) when euhydrated exercise is protracted these responses
remain largely unaltered. However, iii) progressive dehydration >3% was associated with a
lower Q and SV and greater elevations in Tr. and HR compared to euhydration, regardless of
HA state. Finally, iv) the lower Q and SV during exercise with dehydration appears to be
largely driven by a reduction in BV and impairment in the diastolic filling of the LV, as the fall
in EDV was similar to the decline in SV, while LV systolic and diastolic mechanical function
and integrated LV performance were maintained or slightly enhanced. Collectively, these
findings indicate that exercise HA has minimal effects on LV volumes, LV systolic and

diastolic function and systemic hemodynamics in euhydrated and dehydrated trained humans.
Independent effects of heat acclimation on cardiovascular function

An important observation of this study is that systemic hemodynamics were largely unaffected
by HA as Q, MAP and TPR were relatively unaltered at rest and during exercise under

moderate heat stress while EUH was maintained (Figure 4). Previous findings suggest Q is
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unaltered at rest (19) and during submaximal exercise (43, 61) following HA, while others
report a significant increase (36) or decrease (60) during exercise in hot-dry heat, possibly
reflecting differences in the severity of heat stress, intensity of exercise or training and
hydration status (40). The effects of HA on blood pressure are also varied (13, 21, 24) with
minimal data to determine the integrated hemodynamic responses to dynamic exercise, and
therefore the mechanisms that may underpin changes in cardiovascular function, if they indeed
occur. In this study, echocardiography was used to quantify intrinsic myocardial function and
LV volumes. This was paired with measurements of absolute BV and MAP. As such, the
cardiovascular responses to exercise and the effects of HA and hydration can be interpreted
using two classic cardiovascular models. The first is the cardiac model, where cardiac function
is determined by intrinsic (i.e. contractility) and extrinsic (i.e. preload and afterload) factors.
The second is the systemic model based on the hydrodynamic equivalent of Ohm’s law, where
systemic perfusion pressure (MAP assuming right atrial pressure is 0 mmHg) is equal to the
product of systemic blood flow (i.e. Q) and resistance (i.e. TPR), and can be used alongside
BV and estimates of effective arterial elastance, LV end-systolic elastance and ventricular
arterial coupling to address potential systemic factors affecting cardiac preload and afterload

with HA.

Intrinsically, SV is influenced by cardiac contractility. Findings of previous studies are limited
to indications that HA may decrease sympathetic nerve activity (20, 36), perhaps altering the
inotropic state of the myocardium. Direct evidence of the effects of passive HA on intrinsic
cardiac function is limited to the rodent model and indicates that periods of 1-2 months result
in several integrated molecular responses that improve contractility of the LV (25, 28). In the
present study, tissue doppler and speckle tracking echocardiography were used to provide
insight into human myocardial diastolic and systolic function at rest and during exercise in
response to HA. A pertinent finding was that HA did not affect LV systolic or diastolic
mechanical function. Resting early and late diastolic tissue velocities of the medial and lateral
annulus, which correlate with early diastolic filling pressure and atrial function, respectively
(52, 55), were similar between trials (Table 2). In addition, there were no differences in any
rotational, twist, untwist or strain parameters at rest or during euhydrated exercise following
HA (Tables 3 and 4, Figure 6), which may otherwise be suggestive of altered myocardial
efficiency in the absence of changes in LV structure (52), as LV mass was also unaffected.
Typically, evidence of LV remodelling or functional adaptations, such as increased chamber

dimensions, wall thickness, or systolic and diastolic function may be apparent following
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periods of ~6 months of regular exercise in healthy humans (26, 52). As such, it appears that a
10-day HA regimen is not a sufficient stimulus to induce changes in cardiac structure and
intrinsic function at rest or during submaximal exercise in the heat in endurance-trained

individuals.

Extrinsically, LV volumes are influenced by afterload and preload. In the present study, HA
had no effect on resting MAP, which was largely similar throughout EUH exercise, with only
a tendency to be slightly (~4 mmHg) lower post-HA. Furthermore, TPR was similar at rest and
20 min of exercise between trials, with a small decrease post-HA noted from 100 min onward
(Figure 4). Together with only slight differences in effective arterial elastance at rest and 180
min (Figure 5), it appears the relatively similar LV volumes and Q during EUH pre- and post-
HA were not associated with a substantial reduction in afterload. An increase in PV and
therefore total circulating BV is an often-reported response to HA (12, 54), but is not
consistently observed (e.g. 14, 33). The prevailing view is that a greater BV increases the filling
pressure of the LV and SV, which would permit Q to increase following HA (40, 49, 54),
assuming no other changes occur. Studies supporting this view have reported increases in SV,
with an unchanged or increased Q in conjunction with PV expansion in the region of 7-9% (19,
36, 61). However, the assumption that increased PV and therefore BV alone with HA would
enhance Q is largely unsupported in the literature (19, 24, 43, 60). For example, a ~6% PV
expansion pre- to post-HA does not appear to alter Q responses to incremental exercise in the
heat (24). Furthermore, acute ~600-800 ml increases in BV have been shown to increase Q and
SV during cycling exercise (11) or have no effect on Q, SV, leg blood flow or oxygen uptake
(18) at rest and during single leg knee-extensor exercise. Therefore, the independent role of PV
and BV expansion with HA on cardiovascular control is unclear and indicates numerous factors
act to modulate Q responses following HA. In contrast to the observations of Nielsen et al. (36)
and in disagreement with the present hypothesis, Q was unaltered at rest, 20 and 100 min, with
only aslight (0.7 L'min™") increase observed at 180 min with EUH post-HA in the present study.
Compared to pre-HA, BV and diastolic filling of the LV was similar and was associated with
a largely unaltered SV at rest and during exercise (+6-9 ml). HR was also unaltered by HA
during submaximal semi-recumbent cycling under moderate heat stress (Figure 3). A reduction
in HR with HA may increase the diastolic filling time of the LV. Further work exploring the
relationship between lowered HR, enhanced BV, and greater LV preload, such as during
different modalities of exercise and in a range of populations, is warranted. Nonetheless, the

observations that HR, BV, LV volumes, LV intrinsic mechanical function, integrated LV
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performance, ventricular-arterial coupling and systemic hemodynamics were similar between
trials indicate that 10 days of exercise HA in the present study did not significantly alter
cardiovascular function and its regulation at rest and during submaximal exercise in euhydrated

trained individuals.
Acute exercise-induced dehydration and cardiovascular function

A second major finding of the present study was that HA did not attenuate the deleterious
effects of dehydration on LV filling and systemic hemodynamics or altered intrinsic diastolic
and systolic mechanical function. In this study, fluid intake was manipulated so that similar
mild (~1.8%) and moderate (~3.6%) reductions in body mass occurred before and after HA,
permitting the effects of HA on standardized levels of dehydration via exercise-induced heat
stress to be determined. In the dehydration trial, Q was ~2.1 L'min"' lower than euhydration at
180 min post-HA, and was associated with a disproportionately larger fall in SV compared to
the increase in HR. The SV decline does not appear to be related to increased afterload, when
considering the MAP responses to dehydration. Similar to previous studies (15, 17, 56), MAP
decreased during exercise with DEH and tended to be lower than EUH pre- and post-HA
(Figure 4). However, the parallel increase in effective arterial elastance is suggestive of an
elevation in the net arterial load imposed on the LV and thus the possibility remains that
elevated afterload might have contributed to the lowering in SV. Notwithstanding, the
observation that ESV and end-systolic elastance did not change with DEH (Figures 3 and 5)
indicate that the integrated performance of the LV was preserved and thus the impact of the

elevated afterload on SV was negligible (59).

The lower Q and SV with DEH were also unrelated to a blunting of intrinsic LV function. The
present findings agree with recent observations during exercise-induced dehydration in that LV
diastolic and systolic mechanical performance are generally maintained or enhanced as
exercise progresses (59) (Tables 3 and 4, Figures 3 and 6). Nevertheless, there was a relatively
small reduction in basal and longitudinal strain at 180 min, which has been shown to occur
with dehydration (50) and hemodialysis (10), indicating an influence of preload on this
parameter. However, rotation, rotational velocities, systolic twist and diastolic untwisting rate
were either maintained or significantly increased with dehydration, suggesting a slight
enhancement in myocardial contractility, possibly due to enhanced sympathetic nerve activity

(15). As such, it appears that dehydration and concomitant hyperthermia are associated with a
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general maintenance or slight improvement in the intrinsic systolic and diastolic function of

the LV, and HA does not appear to influence these responses.

Instead the present findings indicate that the preload of the heart is diminished with acute
moderate DEH, but HA does not alter this response. The ~0.6°C and ~16 beatsmin™ greater
Tre and HR and the ~360 ml lower BV at the end of exercise were strikingly similar post- and
pre-HA. This finding does not support our hypothesis that HA would attenuate the effects of
exercise-induced dehydration on the thermal, intervascular and cardiac volume responses to
moderate heat stress exercise (39, 46). Interestingly, the unaltered HR and BV with HA were
associated with comparable LV filling responses, with DEH similarly impairing preload (~29
ml) and SV (~26 ml) at the end of exercise pre- and post-HA. Both a diminished BV and
elevated HR, and thus lower diastolic filling time, were associated with the decline in EDV
(Figure 3 and 7), with each likely interacting with other factors such as compromised peripheral
blood flow (i.e. brain, skin and non- and exercising muscle) (16, 17,29, 31, 56, 59) to diminish
LV preload. In support of an interactive effect of several factors modulating cardiovascular
function, acute blood withdrawal alone (20% BV or ~1.2 L/min) does not alter SV and Q at
rest and during leg extension exercise (6, 18). Similarly, acute elevations in HR via atrial pacing
lowers EDV and SV, but does not alter Q at rest (42, 44) and during submaximal or maximal
exercise (32, 42), nor changes leg blood flow or other hemodynamic variables in these
conditions (32). In contrast, during dynamic exercise in dehydrated and hyperthermic
individuals, dextran infusion halves the reduction in SV and attenuates the increase in HR
compared to fluid restriction alone, such that Q (30) and thus peripheral blood flow are restored.
Collectively, the present and previous findings reveal that moderate dehydration reduces BV
and peripheral blood flow (16, 17, 30, 31, 56, 59) during exercise-heat stress and exacerbates
the increase in Tre and HR, with these responses interacting to impair the diastolic filling of the

LV (Figure 8).
Limitations

Given the similarities in Tre and HR during bouts of semi-recumbent cycling, it may appear the
HA intervention did not induce significant adaptation in this study. However, these similarities
may be explained by the experimental procedures used, as Tre, HR and RPE were ~0.2°C, ~7
beatsmin™' and 2 units lower at the end of upright exercise with euhydration post-HA,
respectively. Instead, the similar responses noted during semi-recumbent cycling may result

from periods of brief rest for the assessment of body mass, moderate environmental heat stress,
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semi-recumbent cycling position and submaximal exercise intensity, or a combination thereof.
This experimental approach was chosen to minimise participant discomfort, ensure adequate
echocardiographic image quality and the standardization of hydration status between trials.
Future studies should determine the peripheral and central haemodynamic responses to
continuous dynamic exercise to elucidate the influence of peripheral vascular factors on cardiac
function following HA. Secondly, from a cardiac perspective, the present study was limited to
echocardiographic speckle tracking and LV volume assessments. Future studies should seek to
determine intra-ventricular pressure gradients and/or assess the effects of HA on right heart
volume and function, which may provide any indication of alterations in diastolic ventricular
filling or pulmonary blood flow, respectively. Finally, some of the peak systolic and diastolic
parameters appear to be somewhat lower than previous studies adopting similar protocols (59).
Every effort was taken to ensure the short-axis apical images were standardized and collected
as caudal as possible. However, it seems likely these images were collected off-axis, which is
known to underestimate peak systolic apical rotation (58) and thus velocity and twist
parameters. However, values were similar at rest and during the initial 20 min bouts of exercise
between pre-HA trials. Furthermore, there was a consistent effect of DEH on apical rotation
and rotational velocity (Table 3). Therefore, these parameters are adequately reproducible and

are valid reflections of potential differences occurring due to HA or dehydration.
Conclusions

Heat acclimation did not notably increase SV and Q at rest or during prolonged dynamic
euhydrated exercise in the heat through increased BV or diastolic filling of the LV. Similarly,
systolic and diastolic LV function were largely unaffected following 10 days of heat
acclimation during euhydrated exercise. In contrast, dehydration beyond 3% of body mass was
associated with greater hyperthermia, elevated HR, reduced BV and a decline in the LV
diastolic filling, which reduced Q, regardless of HA state. This occurred in the face of a general
maintenance or even slight enhancement of LV mechanical function and performance.
Together, these findings indicate the cardiovascular system is highly responsive to stress
evoked by acute dehydration but is largely unaffected by exercise-heat acclimation when HR

and BV are not altered.
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Figure legends

Figure 1. Schematic representation of the euhydration (EUH) and progressive dehydration
(DEH) experimental trials separated by 10 days of heat acclimation (HA) with controlled heart
rate (HR) (Top section). Blood volume (BV) was determined via carbon monoxide rebreathing.
Upright and semi-recumbent cycling maximal oxygen uptake (VO2max) as well as
unacclimated sweat rate were determined pre-HA. Truncations indicate a minimum of 24 h
between trials. Experimental trials (Bottom left) with EUH or DEH were conducted in a
randomized counterbalanced order. Grey arrows indicate measurements of nude body mass.
Black arrows indicate measurements of blood pressure and volume and left ventricular
function. Measurements were conducted in the left-lateral decubitus position at rest and during

sub-maximal cycling exercise (Bottom right).

Figure 2. Rectal (A and B) and mean skin (C and D) temperatures at rest and during
discontinuous bouts of semi-recumbent cycling exercise under moderate heat stress pre- and
post-heat acclimation (HA). Exercise was conducted with maintained euhydration (left) or with
progressive dehydration (right) via fluid restriction. Data are means = SD for 8 participants. *P

<0.05 vs. 20 min. TP < 0.05 vs. 100 min. *P < 0.05 vs. euhydration.

Figure 3. Blood volume (BV; A and B), heart rate (HR; C and D), stroke volume (SV; E and
F), end-diastolic (EDV; G and H) and end-systolic volumes (ESV; I and J) at rest and during
bouts of semi-recumbent exercise under moderate heat stress pre- and post-heat acclimation
(HA). Responses were measured while euhydration was maintained (left) or during progressive
dehydration (right) via fluid restriction. Data are means + SD for 8 participants. *P < 0.05 vs.
20 min. 7P < 0.05 vs. 100 min. *P < 0.05 vs. euhydration. #P < 0.05 vs. pre-HA.

Figure 4. Mean arterial pressure (MAP; A and B), cardiac output (C and D) and total peripheral
resistance (TPR; E and F) at rest and during semi-recumbent cycling exercise under moderate
heat stress pre- and post-heat acclimation (HA). Responses were measured while euhydration
was maintained (left) or during progressive dehydration (right) via fluid restriction. Data are
means + SD for 8 participants. *P < 0.05 vs. 20 min. /P < 0.05 vs. 100 min. *P < 0.05 vs.
euhydration. #P < 0.05 vs. pre-HA.

Figure 5. Effective arterial elastance (A and B), left ventricular end-systolic elastance (C and

D) and ventricular-arterial coupling (E and F) at rest and during exercise under moderate heat
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stress pre- and post-heat acclimation (HA). Responses were measured while euhydration was
maintained throughout (left) or during progressive dehydration (right) via fluid restriction. Data
are means + SD for 8 participants. *P < 0.05 vs. 20 min. P < 0.05 vs. 100 min. *P < 0.05 vs.
euhydration. #P < 0.05 vs. pre-HA.

Figure 6. Left ventricular systolic twist (A and B) and diastolic untwisting velocity (C and D)
at rest and during semi-recumbent exercise under moderate heat stress pre- and post-heat
acclimation (HA). Responses were measured while euhydration was maintained (left) or during
progressive dehydration (right) via fluid restriction. Data are means + SD for 8 participants. *P

<0.05 vs. 20 min.

Figure 7. Relationships between stroke volume and end-diastolic volume (A) and between
end-diastolic volume and blood volume (B) or heart rate (C). Data are for means + SD
responses for euhydrated and progressive dehydration trials pre- (open circles) and post-heat

acclimation (closed circles), respectively. Lines are regression lines.

Figure 8. Summary of the effects of HA on cardiovascular adjustments to prolonged (180 min)
dynamic exercise under moderate heat stress with maintained euhydration (A) and the
influence of acute dehydration >3% on responses post-HA (B). Data are mean + SD for 8
participants. With euhydration, cardiac output (Q) and stroke volume (SV) are only slightly
enhanced where blood volume, heart rate (HR), left ventricular (LV) mechanical function and
diastolic filling of the LV (EDV) are similar. The slightly greater Q is associated with reduced
Total peripheral resistance (TPR) as mean arterial pressure (MAP) is similar post-HA. In
contrast, dehydration following HA results in a reduction in Q due to a fall in SV and is
associated with a decline in MAP and increasing TPR. The post-HA fall in SV occurs as a
result of a lower EDV, second to reductions in blood volume and ventricular filling time as
end-systolic volume (ESV) and LV diastolic and systolic mechanical function are maintained
or slightly enhanced, respectively throughout exercise. Grey arrows indicate relationships

between variables and associated mechanisms.
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Table 1. Hematological responses at rest and during repeated bouts of semi-recumbent
cycling under moderate heat stress with euhydration (EUH) or progressive dehydration
(DEH) before and after heat acclimation (HA).

Time (min)
Trial HA Rest 20 100 180
Red cell volume (ml) EUH  Pre 2701 + 213 2704 £ 213 2703 £ 212 2701 =210
Post 2671 +223 2667 +222° 2668 +221° 2667 +222°
DEH  Pre 2701 + 212 2701 213 2705 212 2702 £ 212
Post 2668 =222 2668 +222° 2668 +220° 2667 +222°
Plasma volume (ml) ~ EUH  Pre 3323 £294 2952 278 2971 +270 2977 + 247
Post 3378 + 295 3076 + 294 3099 + 307 3097 + 269
DEH  Pre 3341 +347 2970 + 326 2827 +276% 2663 +249%F
Post 3427 + 254 3068 +£219 2930+ 189% 2716+ 163+
Hemoglobin (gdl™) EUH  Pre 14.6 £0.6 15.6+0.6 15.5+0.6 15.5+£0.6
Post 144408 152+ 0.9° 15.140.9° 151+009°
DEH  Pre 146408 156+08 16.0 + 0.8% 16.4 + 0.7+t
Post 143408 1524075 15.5 = 0.8* 162 +0.8*%
Hematocrit (%) EUH Pre 45+£2 48 +£2 48 +2 48 +£2
Post 44+3 46+3° 46+ 3" 46+ 3"
DEH  Pre 4542 48+2 49 + 2% 50 £ 2%T%
Post 442 47+28 48 + 3+ 50+ 2%T%
Lactate (mmolL™") EUH  Pre 1.3£0.5 25+0.8 23+0.7 24+04
Post 12403 1.940.5° 19+0.5° 19+03°
DEH  Pre 12+0.4 2.6+09 2.1+0.7% 23406
Post 13404 22+08" 174054 21402
Sodium (mmolL™") EUH  Pre 140 +2 142 +£2 143+2 143 £ 2%
Post 140+ 2 141+2 14242 142+ 1
DEH  Pre 140+ 2 14142 145 = 2#F 148 = 2+
Post 140 +2 142 £2 145 = 2%t 149 + 3%+

*P < (.05 vs. 20 min. 'P < 0.05 vs. 100 min. *P < 0.05 vs. EUH. §P < 0.05 vs. pre-HA.



Table 2. Resting systolic and diastolic tissue velocities and timings before and after heat

acclimation.
Euhydration trial Dehydration trial

Pre Post Pre Post
Medial s’ (cms™) 9+ 1 9+1 9+1 9+1
Medial e’ (cm's™) 12+1 12+2 12+1 12 +2
Medial a’ (cm's™) 8+1 8+1 8+1 8+2
Lateral ¢’ (cm's™) 16 +3 16 +3 16 +3 16 +2
Lateral a’ (cm's™) T+2 6=+1 7+2 7+3
IVRT (ms) 88+ 7 94+9 85+12 93 + 9%

IVRT: iso-volumetric relaxation time. *P < 0.05 vs. pre-acclimation.



Table 3. Peak systolic left ventricular strain and rotation parameters at rest and during
exercise under moderate heat stress with maintained euhydration (EUH) and progressive
dehydration (DEH) before and after heat acclimation (HA).

Time (min)
Trial HA Rest 20 100 180
Basal rot. (deg) EUH  Pre 39+1.4 -6.0+2.6 6.0+2.6 -6.7+2.6
Post 32418 3.9+2.1 5.6+23 52413
DEH  Pre 33+16 54430 5.4+34 54+2.1
Post 35+£13 35+1.7 7.0+22F -6.5+£2.2f
Apical rot (deg.) EUH Pre 5.1+19 71+£1.5 73+1.7 94+15
Post 49+1.0 74+1.6 75+1.4 83+1.7
DEH  Pre 5.1+0.9 7.0+1.1 8.1+22 9.0+2.9
Post 53+2.0 6.8+ 1.6" 85+1.5 11.1 £2.0%™
Longitudinal EUH  Pre 177+ 1.1 -17.0+2.1 -16.4+2.0 -16.5+2.0
strain (%) Post -183+24 -17.8+1.8 -173+1.6 -16.9+2.1
DEH  Pre -175+24 -182+22 147 +£22™ -14.7+2.0"
Post -182+1.0 -17.9+23 17.1+£24 -145+1.8™
Basal circ. strain  EUH Pre -19+4 -15+4 -13+3 -13+£2
(%) Post 1743 -16+3 -15+3 14+4
DEH  Pre 1943 1742 S13+ 2 S12+3%
Post 2142 -15+4 -14+3 -12+2M
Apical circ. EUH Pre -23+£5 -l16+4 -15+£3 -18£5
strain (%) Post 24+6 -17+4 -19+4 20+5
DEH  Pre 2347 -18+6 -14+4 -15+3
Post 2345 -18+4 1745 -19+7
Basal rot. vel. EUH Pre 50+ 10 -123 £25 -131 +£25 -142 £ 34
(deg's™) Post -61+20 96 + 34 -107 £35 -124 £27
DEH  Pre 57+13 -111+36 -128 £ 40 -155 + 50"
Post 57415 -103+£23 2140 = 197 174 £ 39"
Apicalrot. vel.  EUH  Pre 67 +25 161 =50 175 + 28 201 + 55
(degs™) Post 74 +21 144 + 46 189 + 80 173 +32
DEH  Pre 75 +26 148 + 46 166 + 58 238 + 47™
Post 60 20 154 £37 191 £42 252 + 69'
Strain rate (s)
Longitudinal EUH  Pre -0.9+0.1 -13+0.1 -13+0.1 14402
Post -0.9+0.1 13402 13402 14402
DEH  Pre -0.9+0.1 14402 -13+0.1 14402
Post -0.9+0.1 -12+0.1 14402 14402
Circ. basal EUH Pre -1.3+£03 -1.5+£0.4 -1.5+03 -1.5+0.3
Post -13+0.1 -1.5+0.5 -1.4+04 -1.5+03
DEH  Pre -13+02 -1.7+03 15404 -1.7+05
Post -13+0.2 -1.3+0.3% -15+03 2.1+0.7
Circ. apical EUH Pre -1.3+£0.3 -14+04 -1.5+£0.2 -1.9+£05
Post 1.4+03 -1.5+04 -1.9+05 2.0+£0.6
DEH  Pre 1.4+04 -1.6+0.5 15404 21+08
Post 14402 -1.6+0.5 1.8+1.0 23+1.1

rot.: rotation, vel.: velocity, deg.: degrees, circ.: circumferential. *P < 0.05 vs. pre-HA. P <

0.05 vs. 20 min. $P < 0.05 vs. EUH.



Table 4. Peak diastolic strain and rotation parameters at rest and during exercise under
moderate heat stress with maintained euhydration (EUH) and progressive dehydration (DEH)
before and after heat acclimation (HA).

Time (min)
Rest 20 100 180
Basal rot. vel. EUH Pre 46 £ 14 97 +43 111 +£40 107 + 36
(degs™) Post 50+24 83+£24 95+18 93 +28
DEH Pre 48 £12 86+ 39 98 £33 115+ 64
Post 49+ 12 76+ 18 104 +28 128 =417
Apical rot. vel. EUH Pre 51422 -97 £ 36 -92 +£24 -115+33
(degs™) Post -55+£36 -105+ 56 -139£51 -119£82
DEH Pre 47+13 -92+29 -145 + 62 -127 +£43
Post 47+ 19 -81+37 -111£55 -149 + 597
Strain rate (s'l)
Longitudinal EUH Pre 1.02+0.13 1.45+0.23 1.48+0.22 1.49£0.16
Post 1.04 £0.12 1.36 £0.25 1.52+£0.17 1.53+£0.23
DEH Pre 1.07£0.19 1.56 £0.18 1.33+£0.20 1.38 £0.31
Post 1.08 £0.13 1.42+0.18 1.38£0.21 1.41+0.19
Circ. basal EUH Pre 1.33 £0.40 1.63 £0.36 1.62 £0.37 1.66 £0.31
Post 1.41+£0.28 1.57+0.41 1.62 £0.24 1.69 +0.33
DEH Pre 1.42 +£0.44 1.77+£0.35 1.58 +£0.43 2.01 £0.73
Post 1.64 £0.64 1.64 £0.59 1.64 +0.28 1.71 £0.33
Circ. apical EUH Pre 1.54+0.39 1.49+0.44 1.47+0.23 1.92 +£0.29°
Post 2.16+1.05 1.61 £0.33 1.79+£0.43 1.96 £ 0.37
DEH Pre 1.71+0.52 1.65+0.52 1.66 = 0.81 2.07 +£0.81
Post 1.50£0.13 1.57 £0.24 1.68 £ 0.58 2.55+1.67

deg.: degrees, rot.: rotation, vel.: velocity, circ.: circumferential. $P<0.05 vs. 20 min
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Effects of acute moderate
exercise-induced dehydration
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