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Abstract We evaluated the effect of exercise-induced

hyperthermia (EIH) on autonomic nervous system (ANS)

function in the early (\80 min) and late (24 and 48 h) stages

of recovery. Eight males underwent three repeated 6 min 70�
head-up tilts (HUT1, HUT2 and HUT3), each separated by

10-min supine rest in a non-exercise/non-heat stress control

state (NHS). On a separate day, three 6 min 70� HUT were

performed following EIH (esophageal temperature C40�C)

and repeated after 24 and 48 h of recovery. Heart rate, stroke

volume (SV), mean arterial pressure and cardiac output ( _Q)

were evaluated during the last min prior to a change in

posture. Responses to 70� HUT were compared to the same

challenge performed without prior exercise and under a

NHS condition. Relative to NHS, _Q was maintained during

the repeated HUT’s following EIH, despite significant

reductions in SV and sustained elevations in esophageal

temperature (p \ 0.05). The preserved _Q appears to be

due to increased HR (HUT1: NRS = 76 ± 3 beats min-1,

EIH = 126 ± 6 beats min-1) stemming from modulation

of the ANS toward sympathetic dominance. Parasympa-

thetic withdrawal was evidenced by a reduction in root

mean squared successive difference (i.e., HUT1: NHS =

66 ± 12 ms, EIH = 9 ± 1 ms) of heart rate variability and

paralleled by a reduction in baroreceptor sensitivity for all

HUT’s following EIH (p \ 0.05). Despite significant mod-

ulation in ANS activity, Q is maintained and participants do

not become orthostatic intolerant/syncopal during the short-

term recovery period following EIH. Normal ANS and car-

diovascular function is restored following 24 h of recovery.

Keywords Postural stress � Exercise � Heart rate

variability � Heat stress

Introduction

It is well documented that the autonomic nervous system

(ANS) plays a key role in the regulation of cardiovascular

function during and following a dynamic bout of exercise

(Brenner et al. 1997; Iellamo 2001; Parekh and Lee 2005).

Heart rate variability (HRV), which represents the time

difference between repeated heart beats (Flouris and Che-

ung 2009), and baroreceptor sensitivity (BRS), which

represents the amount of change in heart rate attributable to

changes in systolic blood pressure (Ogoh et al. 2005), can

be used as a reflection of the cardiorespiratory control

system providing information regarding the balance

between sympathetic and parasympathetic function of the

ANS (van Ravenswaaij-Arts et al. 1993). By performing an

intermittent orthostatic challenge of 70� head-up tilt we

induced changes in baroreceptor loading status, invoking a

compensatory cardiovascular reflex response (Rowell et al.

1973) isolating the effects of a severe hyperthermic episode

on ANS function.

Independent factors such as exercise (Armstrong et al.

2010; Brenner et al. 1997; Parekh and Lee 2005), passive

heat exposure (Brenner et al. 1997, 1998) and/or orthostatic
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challenges (Butler et al. 1994; Westerhof et al. 2006) are

known to affect ANS function. However, each of these

factors has been shown to modulate resting ANS function

in different ways. Specifically, exercise has been demon-

strated to cause reductions in BRS (Loimaala et al. 2000;

Niemela et al. 2008; Ogoh et al. 2005; Skrapari et al. 2007).

Recently, we reported a similar pattern of response fol-

lowing exercise-induced hyperthermia (EIH) (i.e., esoph-

ageal temperature C40�C) with attenuations in BRS

persisting for the 80-min recovery period (Armstrong et al.

2010). It remains unclear, however, if this reduction in

BRS persists for an extended period and/or if this attenu-

ation in BRS is paralleled by a concomitant modulation in

HRV. To date, studies examining HRV immediately after

acute endurance exercise (B45 min) demonstrate an

attenuated cardiac vagal modulation or parasympathetic

nervous system activity causing a decrease in HRV (Parekh

and Lee 2005; Brenner et al. 1997). Furthermore, passive

heat exposure resulting in an increase in core temperature

has been demonstrated to induce a modest activation of the

sympathetic nervous system and a withdrawal of the

parasympathetic nervous system activity (Yamamoto et al.

2007; Brenner et al. 1997, 1998). Exercise in the heat

(40�C) has been shown to cause the greatest disturbance in

ANS function, compared to passive heating and/or exercise

performed under thermoneutral conditions, as evidenced by

a significantly greater activation of the sympathetic ner-

vous system combined with parasympathetic withdrawal

(Brenner et al. 1997). While a lack of research exists on the

long-term recovery pattern of ANS function, investigators

have reported attenuations in HRV (a decreased vagal

modulation of the heart) for up to 24 h after exhaustive

exercise regimens (Furlan et al. 1993; Bernardi et al. 1997;

Hautala et al. 2001). The extent to which changes in the

relative contribution of sympathetic and parasympathetic

contribution persists into recovery remains to be elucidated

especially under conditions of prolonged elevated thermal

strain.

To the best of our knowledge, there have been no studies

designed to examine the effects of EIH to levels associated

with exertional heat stroke (a condition typically marked

by an elevated core temperature of C40�C) (Armstrong

et al. 2007; WHO 2007) upon autonomic response. The

hyperthermia of exertional heart stroke (a core temperature

equivalent of [40�C at time of collapse) is recognized as

the factor having the greatest effect on central nervous

system disturbances. Strenuous physical exercise in a hot

environment also leads to a serious deficit of effective

arterial blood volume, unless intense splanchnic vasocon-

striction maintains cardiac output and blood pressure.

While these levels of hyperthermia can involve significant

impairment of central nervous system function and car-

diovascular compensatory responses (Hubbard 1990), little

is known about the consequences of these changes on the

short and long recovery of autonomic nervous function.

Moreover, while studies eliciting hyperthermia via exercise

in the heat have generally supported a dominant central

impairment of neuromuscular activation, the impact on

visceral motor (involuntary) activity of the ANS during the

recovery period remains unclear.

Therefore, the aim of this study was to examine the effect

of EIH to levels associated with exertional heat stroke on

ANS function in the early stages of recovery (\80 min).

Further, we evaluated the residual effect of the hyperthermic

episode on ANS function following 24 and 48 h of recovery.

In order to evaluate the effect of an exercise-induced

hyperthermic episode on ANS function, we performed an

intermittent orthostatic challenge of 70� head-up tilt. In

addition to inducing changes in baroreceptor loading status

and invoking a compensatory cardiovascular reflex response

(Rowell et al. 1973), orthostatic challenges are known to

affect ANS function (Butler et al. 1994; Westerhof et al.

2006). Moreover, heat stress reduces the sensitivity of the

spontaneous baroreflex control of HR during orthostasis

(Kenny et al. 2010). Hence, by performing an intermittent

orthostatic challenge following EIH and comparing

responses during the same orthostatic challenge performed

without prior exercise and under a non-heat stress (NHS)

condition, it is possible to isolate the effects of a severe

hyperthermic episode on ANS function by HRV. Responses

were compared to the same challenge performed without

prior exercise and under a NHS condition. We tested the

hypothesis that EIH alters ANS function during the recovery

period as measured by a reduction of HRV and decrease in

BRS persisting for up to 24-h postexercise.

Methods

Participants

Following approval of the experimental protocol from the

University of Ottawa Research Ethics Committee and

obtaining written informed consent, eight healthy, non-

smoking normotensive, male participants volunteered for

the study. Mean (±SD) physical characteristics of the

participants were: age (22 ± 3 years), height (177 ± 4 cm),

weight (72.9 ± 5.7 kg), body surface area (1.89 ± 0.09 m2),

body fat (15 ± 5%), and _VO2peak (63 ± 7 ml O2 kg-1

min-1). Participants were college level athletes, comprised

of runners, tri-athletes and cyclists who performed struc-

tured aerobic and resistance exercise C4 times/week

for duration of C45 min. Body weight was measured

prior to the preliminary screening session (72.9 ± 5.7 kg)

and experimental testing on day 1(72.6 ± 5.5 kg), day 2

(before EIH: 73.1 ± 5.8 kg, after EIH: 71.9 ± 5.9 kg), day
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3 (72.8 ± 6.0 kg) and day 4 (72.2 ± 5.5 kg). Physically

active fit subjects were used for this study due to the fact

that subjects were required to perform prolonged exer-

cise in the heat until they achieved a core temperature of

C40�C. Previous studies from our laboratory demon-

strate that individuals with reduced levels of fitness and/

or are not regularly exercising are unable to achieve this

elevated state of hyperthermia (Proulx et al. 2006).

Hence, we used young healthy subjects who were reg-

ularly engaged in physical activity at least four times per

week.

Experimental protocol

All participants undertook one screening visit and four

experimental sessions. During the screening visit, body

adiposity and maximum oxygen consumption were mea-

sured. Body density was measured using the hydrostatic

weighing technique and body fat percentage was then

calculated using the Siri equation (1956). Peak oxygen

consumption _VO2peak was determined by measuring

expired oxygen (O2) and carbon dioxide (CO2) concen-

trations (AMETEK model S-3A/1 and CD 3A, Applied

Electrochemistry, Pittsburgh, PA, USA) during a progres-

sive treadmill running protocol. The _VO2peak data were

used to select the submaximal workload for the experi-

mental exercise phase of the study.

To control for seasonal acclimatization, all experi-

mental trials were performed during the months of

October to April. Average ambient air temperature in

Ottawa, ON, Canada from October 2006 to April 2007

reached as low as -25�C in mid-to-late January and as

high as 15�C in April. For those subjects involved in

competitive sports, this period of time represented the

off-season period. No laboratory acclimatization sessions

were performed prior to the experimental trials. For each

experimental trial, subjects were instructed to avoid

physical activity and excessive stressors such as exposure

to hot or cold temperatures, particularly during the period

between awakening and experimentation and during

transit from home to the laboratory. Trials were per-

formed at the same time of day for each subject to avoid

circadian variation in core and skin temperatures. Sub-

jects were asked to fast at least 2 h prior to experimen-

tation, and water ingestion was permitted ad libitum

during this time to promote euhydration (body weight

was not significantly different between the preliminary

screening visit and any of the 4 experimental trials).

However, water consumption was restricted at the start of

the experimental trial. On arrival at the laboratory sub-

jects, clothed in shorts and athletic shoes, were fitted with

the appropriate instruments.

Each subject performed four experimental trials. During

the first experimental session, subjects remained resting in

the supine posture for 30 min in a NHS thermoneutral

ambient temperature (Tam of 22�C) condition (NHS con-

trol). At the end of the baseline period, subjects were

exposed to three consecutive 6 min 70� head-up tilts

(HUT1, HUT2 and HUT3, respectively), each separated by

a 10-min supine recovery (i.e., SUP1, SUP2 and SUP3,

respectively). Three consecutive tilts were evaluated since

adaptive effects of repeated tilting have been demonstrated

in previous literature by the fifth head-up tilt (Berry et al.

2006). During the second visit, subjects remained resting in

the supine posture for 30 min on a tilt-table. At the end of

the baseline resting period, subjects entered a temperature

controlled chamber maintained at a Tam of 42�C where

they were rendered hyperthermic by performing treadmill

running at *65% of their predetermined _VO2peak until

esophageal temperature reached 40.0�C (24 ± 5 min)

(EIH). Immediately following the cessation of exercise, the

subjects were transferred back to a NHS thermoneutral

ambient condition (Tam of 22�C) where they remained

seated in an upright posture for *15 min. This was done to

ensure that esophageal temperature achieved a stable ele-

vated value paralleled by a reduction in skin perfusion and

sweating to resting baseline values prior to the start of the

postural stress (Kenny et al. 2007, 2010). They were then

placed on a tilt-table in a supine posture for 15 min and

subsequently exposed to three consecutive 6 min 70� HUT,

each separated by 10 min of recovery in the supine posture.

Participants were instructed to breathe spontaneously

throughout the experimental procedure with no attempt to

control the depth or frequency of the respiratory pattern.

The Finometer is sensitive to changes in body weight and

therefore weight was entered at two time points on day 2.

Body weight was first entered into the Finometer prior to

EIH. The second measurement of body weight was entered

following EIH where there was a measured reduction in

body weight. The new body mass was entered into the

Finometer to ensure that accurate hemodynamic measure-

ments were captured during the recovery period.

The third and fourth experimental sessions were con-

ducted in a NHS condition (Tam of 22�C) at 24 and 48 h

following the EIH trial. The experimental design was the

same as the first experimental session described above.

Measurements

Esophageal temperature (Tes) was measured by placing a

pediatric thermocouple probe of approximately 2 mm in

diameter (Mon-a-therm Nasopharyngeal Temperature

Probe, Mallinckrodt Medical, St-Louis, MO, USA) through

the participant’s nostril while they were asked to sip water
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through a straw. The location of the probe tip in the

esophagus was estimated to be at the level of the eighth and

ninth thoracic vertebrae.

Heart rate (HR) was monitored using a Polar coded

transmitter, recorded continuously and stored with a Polar

Advantage interface and Polar Precision Performance

software (Polar Electro Oy, Finland). Beat-to-beat blood

pressure (MAP) was recorded using finger photoplethys-

mography (Finometer� PRO; Finapres Medical Systems,

Amsterdam, The Netherlands) with resting values verified

by manual auscultation of the brachial artery. A cuff of

appropriate size was placed on the middle finger of the

non-dominant hand of the patient, which in turn was

maintained at heart level. Hand height was corrected to

heart level using a hydrostatic height correction system.

This system measures the relative vertical position of the

hand and heart to compensate for any difference. The

Finometer device (sampling rate 200 Hz) uses a volume

clamp method (Penaz 1975) to capture beat-to-beat (con-

tinuous) values of blood pressure and pulse rate in the

finger artery. It has been shown to track acute changes in

blood pressure and is strongly correlated to intra-arterial

radial pressure (Parati et al. 1989). From the blood pressure

waveform, stroke volume (SV) and cardiac output ( _Q) were

calculated using the Modelflow method (BeatScope 1.1a

software; Finapres Medical Systems, Amsterdam, The

Netherlands) which incorporates sex, age, height and mass

data. This method provides a reliable estimate of rapid

changes in SV and _Q in healthy humans at rest, during

exercise (Sugawara et al. 2003) and during 70� HUT

(Jellema et al. 1996). Total peripheral resistance (TPR) was

calculated as MAP/ _Q.

Baroreflex sensitivity (BRS) was measured non-inva-

sively using a Finometer device (sampling rate 200 Hz)

(Finometer� PRO; Finapres Medical Systems, Amsterdam,

The Netherlands). Baroreflex sensitivity was calculated as

previously described (Westerhof et al. 2006) and it

expresses the change in interbeat interval for a simulta-

neously occurring change in blood pressure. The Beatfast

software (BeatScope 1.1a; Finapres Medical Systems,

Amsterdam, The Netherlands) was used to determine beat-

to-beat variables, interbeat interval and systolic, diastolic,

and mean arterial pressures. Systolic blood pressure and

interbeat interval were used to calculate BRS in

ms mmHg-1 (Westerhof et al. 2006).

RR interval data were collected in milliseconds (ms)

using a 5-lead electrocardiogram (ECG) Holter monitor

(Philips Zymed DigiTrak Plus Recorder, Andover, MA,

USA) which sampled ECG data at 175 Hz. To characterize

the ANS function, multi-parameter HRV analysis was

performed on RR interval time series employing the con-

tinuous individualized variability analysis (CIMVA)

software (Ahmad et al. 2009; Seely and Macklem 2004).

The time domain measures of HRV that were computed

included mean RR interval, standard deviation (SDNN) of

RR intervals, and root mean squared successive difference

(RMSSD) of RR intervals. We characterized the frequency

domain measures of HRV using the fast Fourier transform

(FFT) whereby we measured the low frequency (Westerhof

et al. 2006) (0.04–0.15 Hz), high frequency (HF) (0.18–

0.4 Hz), and low to high frequency ratio (LF/HF) compo-

nents of the RR interval time series. The beat-by-beat data

sets were converted to equidistant time series prior to

applying the FFT in order to calculate spectral powers. We

computed the Fourier LF and HF components in normal-

ized units [LFnu = LF/(LF ? HF) and HFnu = HF/

(LF ? HF)] which is the recommended analysis set forth

by the Task Force (1996) for accurate assessment of ANS

activity. The LF component is reported to reflect both

sympathetic and vagal modulation whereas the HF com-

ponent appears to be the result of vagal modulation.

Moreover, the LF/HF component has been proposed as a

measure of the cardiac sympathovagal balance (Parekh and

Lee 2005; Seely and Macklem 2004).

A Teeter Hang Ups F5000 inversion table was used to

manipulate posture. The angle of the tilt was measured

using a Unitek Magnetic Polycast Protractor.

Statistical analyses

A two-way repeated measures ANOVA was used to ana-

lyze the absolute and relative (%) change from the non-

exercise/NHS condition (i.e., NHS) in BRS, HRV (mean,

SD, RMSSD, LF/HF, HFnu, LFnu), HR, MAP, TPR, SV,
_Q, and Tes using the repeatable factors of treatment day

(levels: NHS, EIH, 24 and 48 h), and postural stress [lev-

els: HUT1, HUT2, and HUT3) or (SUP1, SUP2, and

SUP3)]. Pair-wise comparisons were performed using

paired sample t tests (Tables 1, 2, 3, 4). For BRS, values

were averaged over the last 2 min of each postural position

and HRV time and frequency domain values were averaged

over the entire duration of each period. The last minute

before postural manipulation was used for analysis of the

remaining hemodynamic variables (Table 4). Relative

change (%) for each of the successive orthostatic chal-

lenges (levels: pre-tilt-HUT1, SUP1-HUT2, SUP2-HUT3)

was defined as follows (prior supine position - head-up

tilt response)/(prior supine position) 9 100) for HRV

parameters (BRS, LF/HF, HF and LF) (Figs. 1, 2). It is

important to note that for the calculation of the relative

change (%) following EIH (i.e., pre-tilt-HUT1); pre-tilt

represents a 15-min supine position maintained following

exercise and prior to HUT1. This period of time was used

in order to evaluate the true response to postural stress
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following exercise. Since no exercise was performed prior

to HUT1 during the NHS, 24 and 48 h conditions, supine

represents the final 15 min of the 30-min baseline resting

period. The level of significance was set at 0.05 and the

alpha level was adjusted during multiple comparisons so as

to maintain the rate of type I error at 5% during Holm–

Bonferroni post hoc analysis. Based on previous publica-

tions with data similar to the present study (Berry et al.

2006; Gagnon et al. 2008), it was established that a mini-

mum of seven subjects would be required to have appro-

priate statistical power (b = 0.9 and a = 0.05). All

analyses were performed using the statistical software

package SPSS 17.0 for Windows (SPSS Inc., Chicago, IL,

USA).

Results

There were no significant differences between treatment

days for absolute baseline values of BRS, time and fre-

quency domain measures of HRV, HR, MAP, TPR, SV, _Q
and Tes during baseline supine resting (Tables 1, 2, 3, 4).

Participants lost an average of 1.2 ± 0.4 kg following EIH

(p \ 0.05). All participants re-gained the lost weight as

there were no observed significant differences between

body weight measurements on day 1 (72.6 ± 5.5 kg) and

at 24 (72.8 ± 6.0 kg) and 48 h (72.2 ± 5.5 kg) post-EIH.

Effect of EIH on ANS and cardiovascular function:

early stages of recovery

There was a main effect of treatment day (NHS vs. EIH) on

BRS (Table 1), HR, SV, Tes (Table 4) and time domain

measures (mean, SDNN, RMSSD) of HRV (Table 2)

during all HUT (p \ 0.05) and SUP (p \ 0.05) recovery

postures. The reduction in absolute values of BRS, SV, and

time domain measures of HRV following EIH were offset

by significant increases in HR. The changes in frequency

domain measures of HRV in normalized units (Table 3)

were affected by the treatment day (NHS vs. EIH) for each

of the successive HUT and SUP postures with the excep-

tion of SUP2 and HUT3. The significant reduction in

RMSSD, an index thought to be directly related to the

parasympathetic nervous system, combined with a time

domain reduction in SDNN and mean RR interval fol-

lowing EIH is the central finding in this study demon-

strating the modulation of ANS function toward

sympathetic dominance and parasympathetic withdrawal.

Furthermore, we show that the relative change (%) in HF

and LF/HF ratio were significantly reduced during the first

postural transition (i.e., pre-tilt supine rest to HUT1) but

not different during the final two transitions following EIH

as compared to NHS (Fig. 2). No significant difference in

the relative change (%) in BRS and LF was observed

between treatment days (NHS vs. EIH) for any of the

successive 70� head-up tilt challenges (Fig. 1). This mod-

ulation in ANS function preserved _Q throughout recovery

such that _Q was significantly increased (p \ 0.05) during

SUP1 following EIH as compared to NHS. Similarly, the

changes in TPR were affected by treatment day (NHS vs.

EIH); such that TPR was significantly reduced (p \ 0.05)

during SUP1 following EIH compared to NHS. There was

a main effect of treatment day on MAP; such that MAP

was significantly reduced following EIH compared to NHS

during SUP2 (p \ 0.05).

Effect of EIH on ANS and cardiovascular function:

24 and 48 h of recovery

No differences in absolute values of HR, TPR, SV, _Q, Tes,

BRS, time (mean RR, SDNN, RMSSD) and frequency

domain measures of HRV during repeated 70� head-up tilt

challenges performed 24 and 48 h following EIH compared

to NHS (Tables 1, 2, 3, 4). The time domain HRV reduc-

tion in RMSSD, SDNN and mean RR interval were

restored following 24 h of recovery, demonstrating re-

established parasympathetic activity. However, a signifi-

cantly elevated MAP was measured following 24 h

Table 1 Mean (±SE) absolute values of baroreceptor sensitivity during repeated 70� head-up tilts performed under a non-heat stress state and in

the early and late stages (24 and 48 h) of recovery following exercise-induced hyperthermia

Variable Day Experimental

trial

Pre-tilt supine

rest

Postexercise

supine

Posture

HUT1 SUP1 HUT2 SUP2 HUT3 SUP3

BRS

(ms mmHg-1)

1 NHS 20.6 (4.7) 8.1 (1.6) 20.1 (2.5) 8.9 (1.5) 21.4 (4.1) 9.0 (1.4) 23.0 (3.5)

2 EIH 19.2 (2.6) 4.2 (0.4) 1.9 (0.3)a 9.0 (1.8)a 3.9 (0.4)a 10.1 (2.0)a 3.4 (0.5)a 16.8 (3.7)a

3 24 h 19.8 (2.1) 8.6 (1.5) 22.7 (3.9) 9.7 (1.3) 22.1 (2.8) 9.2 (1.6) 20.6 (1.5)

4 48 h 23.7 (4.6) 9.4 (1.8) 21.4 (2.2) 9.3 (1.8) 21.3 (2.1) 10.3 (1.7) 23.8 (2.4)

24 and 48 h indicate responses measured 24 and 48 hours after EIH, respectively

EIH Exercise-induced hyperthermia
a Difference from the non-exercise/non-heat stress control condition (NHS) (p \ 0.05)
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recovery compared to NHS during HUT1, HUT2, SUP2

and HUT3 (p \ 0.05), respectively (Table 4).

Discussion

A key finding of this study is that despite the significant

reduction in SV and sustained increase in esophageal

temperature following EIH, modulation of ANS activity

toward sympathetic dominance and withdrawal of para-

sympathetic tone, maintains cardiac output during a repe-

ated postural challenge in endurance trained men. This

finding is supported by the fact that there was a significant

increase in heart rate, secondary to a decrease in time

domain HRV measurements of RMSSD, an index thought

to be directly related to the parasympathetic nervous

Table 2 Mean (±SE) cardiovascular responses measured using time domain HRV analysis during repeated 70� head-up tilts performed under a

non-heat stress state and in the early and late stages (24 and 48 h) of recovery following exercise-induced hyperthermia

Variable Day Experimental

trial

Pre-tilt supine

rest

Postexercise

supine

Posture

HUT1 SUP1 HUT2 SUP2 HUT3 SUP3

Mean (ms) 1 NHS 1,040 (49) 937 (38) 941 (35) 956 (37) 964 (40) 958 (33) 1,003 (36)

2 EIH 1,007 (40) 581 (17) 558 (25)a 638 (19)a 614 (33)a 688 (22)a 644 (34)a 732 (30)a

3 24 h 1,059 (62) 928 (49) 966 (42) 977 (61) 998 (43) 967 (58) 1,006 (44)

4 48 h 1,059 (57) 938 (47) 931 (38) 966 (55) 1,001 (40) 950 (52) 1,030 (41)

SD (ms) 1 NHS 99 (12) 142 (12) 154 (18) 153 (13) 157 (16) 152 (13) 161 (14)

2 EIH 99 (13) 29 (4) 46 (4)a 63 (9)a 69 (10)a 86 (18)a 83 (14)a 102 (20)a

3 24 h 95 (11) 130 (13) 160 (23) 152 (21) 162 (24) 150 (19) 149 (24)

4 48 h 105 (13) 148 (19) 171 (24) 171 (17) 186 (26) 168 (18) 191 (25)

RMSSD (ms) 1 NHS 86 (17) 66 (12) 76 (14) 71 (11) 78 (11) 70 (11) 83 (12)

2 EIH 77 (15) 8 (1) 9 (1)a 19 (4)a 18 (4)a 35 (11)a 30 (9)a 43 (10)a

3 24 h 74 (14) 61 (12) 73 (11) 71 (12) 75 (11) 69 (11) 74 (11)

4 48 h 76 (13) 68 (13) 71 (10) 75 (13) 82 (10) 67 (12) 87 (10)

24 and 48 h indicate responses measured 24 and 48 h after EIH, respectively

EIH Exercise-induced hyperthermia, SD standard deviation of RR intervals, RMSSD root mean squared standard deviation of RR intervals
a Difference from the non-exercise/non-heat stress control condition (NHS) (p \ 0.05)

Table 3 Mean (±SE) cardiovascular responses measured using

frequency domain measures of HRV using the fast Fourier transform

(FFT) during repeated 70� head-up tilts performed under a non-heat

stress state and in the early and late stages (24 and 48 h) of recovery

following exercise-induced hyperthermia

Variable Day Experimental

trial

Pre-tilt supine

rest

Postexercise

supine

Posture

HUT1 SUP1 HUT2 SUP2 HUT3 SUP3

FFT

LFnu

1 NHS 67 (5) 71 (4) 70 (4) 71 (3) 70 (3) 72 (2) 68 (3)

2 EIH 69 (4) 81 (0.1) 81 (0.1)a 81 (0.5)a 81 (0.6)a 75 (3) 77 (3) 74 (3)a

3 24 h 69 (4) 72 (3) 70 (2) 71 (3) 70 (3) 71 (3) 68 (3)

4 48 h 69 (4) 72 (3) 71 (3) 71 (3) 69 (3) 73 (3) 68 (4)

FFT

HFnu

1 NHS 33 (5) 29 (4) 30 (4) 29 (3) 30 (3) 28 (2) 32 (3)

2 EIH 31 (4) 19 (0.1) 19 (0.1)a 19 (0.5)a 19 (0.6)a 25 (3) 23 (3) 26 (3)a

3 24 h 31 (4) 28 (3) 30 (2) 29 (3) 30 (3) 28 (3) 32 (3)

4 48 h 31 (4) 28 (3) 29 (3) 29 (3) 31 (3) 27 (3) 32 (4)

FFT LF/

HF

1 NHS 2.45 (0.36) 2.81 (0.35) 2.76 (0.32) 2.81 (0.32) 2.70 (0.34) 2.91 (0.30) 2.40 (0.33)

2 EIH 2.52 (0.32) 4.37 (0.03) 4.37 (0.03)a 4.23 (0.15)a 4.27 (0.15)a 3.50 (0.39) 3.70 (0.37) 3.16 (0.32)a

3 24 h 2.67 (0.44) 2.92 (0.32) 2.62 (0.29) 2.80 (0.38) 2.62 (0.33) 2.79 (0.38) 2.46 (0.31)

4 48 h 2.59 (0.34) 2.96 (0.43) 2.77 (0.36) 2.76 (0.38) 2.47 (0.33) 3.00 (0.39) 2.54 (0.44)

24 and 48 h indicate responses measured after 24 and 48 h after EIH, respectively

EIH Exercise-induced hyperthermia
a Difference from the non-exercise/non-heat stress control condition (NHS) (p \ 0.05)

Eur J Appl Physiol

123



system, and SDNN, during the early stages of recovery

(\80 min) following EIH as compared to NHS. Further, in

contrast to our hypothesis we show that the cardiovascular

and thermoregulatory responses to a repeated 70� head-up

tilt challenge performed at 24- and 48-h postexercise were

not significantly different from those responses measured

during the NHS control trial, since RMSSD, SDNN and

mean RR interval were restored following 24 h of recov-

ery. A novel finding of this study was that a greater relative

change in mean arterial pressure was observed during

repeated orthostatic challenges following 24 h of recovery

as compared to the NHS control condition.

Effect of EIH on ANS and cardiovascular function:

early stages of recovery

Though comprehensive reports have been conducted to

examine autonomic regulation following exercise (Iellamo

Table 4 Mean (±SE) hemodynamic and thermoregulatory responses during repeated 70� head-up tilts performed in the early and late stages (24

and 48 h) of recovery following exercise-induced hyperthermia

Variable Day Experimental

trial

Pre-tilt

supine rest

Postexercise

supine

Posture

HUT1 SUP1 HUT2 SUP2 HUT3 SUP3

HR (beats min-1) 1 NHS 58 (3) 76 (3) 58 (3) 75 (4) 58 (3) 75 (4) 55 (3)

2 EIH 61 (3) 98 (3) 126 (6)a 86 (4)a 116 (6)a 82 (4)a 111 (6)a 73 (6)a

3 24 h 59 (4) 77 (6) 57 (4) 74 (6) 57 (4) 75 (6) 57 (4)

4 48 h 57 (3) 80 (5) 56 (3) 77 (6) 56 (3) 78 (5) 54(3)

MAP (mmHg) 1 NHS 90 (3) 95 (4) 94 (3) 97 (3) 92 (3) 97 (4) 92 (3)

2 EIH 86 (2) 79 (4) 91 (3) 87 (4) 92 (3) 86 (4)a 98 (5) 88 (4)

3 24 h 90 (3) 102 (4)a 96 (3) 104 (4)a 99 (3)a 105 (5)a 97 (3)

4 48 h 84 (4) 96 (4) 91 (4) 96 (3) 90 (3) 98 (4) 91 (4)

TPR (mmHg l-1 min) 1 NHS 15.9 (0.7) 16.3 (1.4) 15.9 (0.6) 17.2 (1.4) 16.1 (0.8) 17.7 (1.5) 16.8 (0.9)

2 EIH 14.6 (1.0) 12.2 (0.5) 15.5 (1.0) 13.6 (0.8)a 16.8 (1.0) 14.1 (1.0) 17.7 (1.0) 14.6 (1.5)

3 24 h 16.6 (0.9) 17.3 (1.2) 16.6 (0.9) 19.1 (1.1) 16.9 (0.8) 18.7 (1.5) 17.0 (1.0)

4 48 h 16.3 (1.5) 17.0 (1.6) 16.0 (1.1) 16.1 (0.9) 16.0 (1.0) 17.4 (1.3) 17.2 (1.2)

SV (ml) 1 NHS 102 (6) 80 (5) 99 (8) 77 (6) 99 (7) 75 (7) 102 (7)

2 EIH 99 (4) 68 (4) 48 (3)a 76 (5)a 51 (3)a 79 (5)a 52 (4)a 86 (3)a

3 24 h 96 (6) 81 (6) 101 (7) 76 (4) 102 (7) 79 (5) 103 (7)

4 48 h 96 (6) 74 (5) 103 (7) 82 (7) 103 (7) 76 (4) 102 (8)

_Q (l min-1) 1 NHS 6.0 (0.3) 6.0 (0.4) 6.0 (0.3) 5.8 (0.4) 5.8 (0.4) 5.6 (0.3) 5.6 (0.4)

2 EIH 6.1 (0.4) 6.6 (0.3) 6.0 (0.3) 6.4 (0.3)a 5.6 (0.2) 6.2 (0.3) 5.6 (0.2) 6.3 (0.4)

3 24 h 5.5 (0.3) 6.1 (0.4) 5.9 (0.3) 5.5 (0.3) 5.9 (0.3) 5.8 (0.4) 5.9 (0.4)

4 48 h 5.5 (0.5) 5.8 (0.4) 5.8 (0.3) 6.1 (0.4) 5.7 (0.4) 5.7 (0.4) 5.5 (0.4)

Tes (�C) 1 NHS 36.9 (0.1) 36.9 (0.1) 36.8 (0.1) 36.9 (0.1) 36.8 (0.1) 36.9 (0.1) 36.8 (0.1)

2 EIH 36.9 (0.1) 37.6 (0.05) 37.6 (0.1)a 37.4 (0.1)a 37.5 (0.1)a 37.3 (0.1)a 37.3 (0.1)a 37.1 (0.1)a

3 24 h 36.7 (0.2) 36.7 (0.2) 36.6 (0.2) 36.7 (0.2) 36.7 (0.2) 36.7 (0.2) 36.6 (0.2)

4 48 h 36.8 (0.1) 36.9 (0.1) 36.8 (0.1) 36.9 (0.1) 36.8 (0.1) 36.9 (0.1) 36.8 (0.1)

24 and 48 h indicate responses measured 24 and 48 h after EIH, respectively

EIH Exercise-induced hyperthermia, HR heart rate, MAP mean arterial pressure, TPR total peripheral resistance, SV stroke volume, _Q cardiac

output
a Difference from the non-exercise/non-heat stress control condition (NHS) (p \ 0.05)

30

40

50

60

70

80

90

100

Pre-tilt-HUT1 SUP1-HUT2 SUP2-HUT3

B
R

S 
(%

)

Fig. 1 Percent change (±SD) in baroreceptor sensitivity (BRS) from

the supine position prior to each head-up tilt challenge was evaluated

during the non-exercise/non-heat stress condition (black bars) and

during the early (gray bars) and late stages [24 h (white bars) and

48 h (stripped bars)] of recovery following exercise-induced

hyperthermia
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2001; Parekh and Lee 2005; Terziotti et al. 2001; Brenner

et al. 1997, 1998; Furlan et al. 1993; Bernardi et al. 1997;

Hautala et al. 2001), few studies to date have examined this

response following exercise performed in the heat (Brenner

et al. 1997) on physically active men. Brenner et al. (1997)

demonstrated a withdrawal of parasympathetic and

enhancement of sympathetic activity during recovery from

exercise performed in thermoneutral (23�C) and hot (40�C)

ambient conditions. However, they showed that the great-

est contribution of sympathetic drive was measured

following exercise in the heat when end-exercise core

temperature increased by 1.3�C above resting levels as

compared to exercise in thermoneutral conditions (increase

of 0.8�C).

In the present study, we show that following an exer-

cise-induced heat stress, resulting in an esophageal tem-

perature increase of *3.3�C above baseline resting, the

ANS contributes to the preserved cardiac output during a

repeated orthostatic stress. Past research findings have

shown that following a single bout of dynamic exercise, a

prolonged period of postexercise hypotension occurs as a

result of a persistent reduction in peripheral vascular

resistance that is not completely offset by increases in

cardiac output (Halliwill 2001). By introducing repeated

postural challenges (i.e., 70� head-up tilts) during the

recovery period, we were able to demonstrate that cardiac

output was maintained, secondary to increases in heart rate,

despite significant reductions in SV (Table 4). The reduc-

tion in SV following the EIH is likely due to a decreased

venous return. It is plausible that the decreased venous

return in our study was to some extent associated with the

progressive reduction in central blood volume as a result of

the dehydration experienced during the exercise performed

in the heat (average loss of body weight *1.2 kg). We

show, however, that the reduction in venous return appears

to be compensated by a marked sympathetically mediated

tachycardia such that cardiac output is maintained near

normal resting levels.

The contribution of the ANS to maintaining cardiac

output following EIH is further supported by our HRV and

BRS results. Time domain measures of HRV, specifically

reductions in RMSSD and SDNN, support parasympathetic

withdrawal following EIH (Table 2). Our findings are

consistent with previous reports demonstrating an increase

in vagal withdrawal and sympathetic dominance following

exercise (Iellamo 2001; Parekh and Lee 2005; Terziotti

et al. 2001). Furthermore, the relative change in frequency

domain measures of HRV is consistent with a modulation

of ANS activity; such that during the early stages of

exercise recovery (i.e., postural transition from pre-tilt

supine rest to HUT1) the magnitude of change is sup-

pressed as evidenced by a significant decrease in HF power

and LF/HF ratio (Fig. 2). Our work therefore extends upon

previous findings by demonstrating that the modulation in

HRV is maintained during an orthostatic challenge per-

formed under a marked elevated state of hyperthermia and

dehydration.

Reductions in central blood volume, and therefore car-

diac filling, result in the activation of baroreceptors (i.e.,

baroreceptor unloading), resulting in increased sympathetic

and decreased parasympathetic outflow (Berry et al. 2006;

Niemela et al. 2008). Our findings are consistent with

previous observations that conducted exercise in
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Fig. 2 Relative change (%) = [prior supine position head-up tilt

response/prior supine position 9 100] in heart rate variability mea-

sured by a LF/HF, b HFnu, c LFnu was evaluated from the supine

position prior to each head-up tilt challenge during the non-exercise/

non-heat stress condition (black bars), during the early [\80 min

(gray bars)] and late stages [24 h (white bars) and 48 h (stripped
bars)] of recovery following exercise-induced hyperthermia. Asterisk
denotes difference between non-heat stress control and during the

early stages of recovery following exercise-induced hyperthermia

(p \ 0.05)
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thermoneutral conditions (Niemela et al. 2008; Ogoh et al.

2005) such that we show that reductions in BRS following

EIH from 19 ± 3 ms mmHg-1 at baseline to 1.9 ± 0.3

ms mmHg-1 during HUT1 (Table 1). This attenuation in

BRS persisted throughout the *80-min recovery period

which was paralleled by a reduced cardiac vagal respon-

siveness and/or parasympathetic outflow (Table 1). The

activation of baroreceptors as a consequence of reductions

in venous return during the postexercise period is supported

by our relative change results which demonstrated no sig-

nificant difference between the non-exercise/NHS control

condition and the early recovery period following EIH

(Fig. 1). This compensatory reflex appears to restore car-

diac output and blood pressure by increasing heart rate and

vascular resistance (Table 4).

Effect of EIH on ANS and cardiovascular function:

24 and 48 h of recovery

The modulation of BRS and HRV observed following EIH

did not persist beyond 24 h. We show that the pattern of

response of BRS and HRV following 24 and 48 h was

similar to that measured during the NHS control condition

(Figs. 1, 2). Specifically, RMSSD and SDNN of HRV as

well as HF, LF and LF/HF ratio were not significantly

different from NHS indicating that sympathovagal balance

was restored to normal levels 24 h following the EIH

(Fig. 2). Our findings, however, are in disagreement with

previous reports suggesting that attenuations in HRV, as

evidenced by a decreased vagal modulation of the heart,

occur for as long as 24 h following prolonged exhaustive

exercise (duration of exercise *4 to 6 h) (Bernardi et al.

1997; Furlan et al. 1993; Hautala et al. 2001) conducted

under thermoneutral ambient conditions. In the present

study, it is possible that despite the large increase in

esophageal temperature (i.e., average increase of 3.3�C),

the duration of exercise was insufficient (*25 min) to

elicit a sustained modulation in ANS function lasting 24 h.

Further studies are required to evaluate this response for

shorter recovery intervals (i.e., \24 h).

A novel observation of this study was the elevation in

mean arterial pressure measured during the repeated pos-

tural challenge performed following 24 h of recovery

(Table 4). This response was paralleled by a slight increase

in TPR following 24 h of recovery. Orthostatic hyperten-

sion has previously been classified by an increase in blood

pressure upon assumption of upright posture (Fessel and

Robertson 2006) by either an increase in diastolic blood

pressure from \90 to C90 mmHg, an increase in systolic

blood pressure from \140 to C140 mmHg or an overall

increase in systolic blood pressure by at least 20 mmHg

(Fessel and Robertson 2006). Based on further evaluation

of our systolic blood pressure and diastolic blood pressure

response we show that the increase in mean arterial pres-

sure was the product of both an increase in systolic and

diastolic blood pressure. For example at the final HUT (i.e.,

HUT3), systolic and diastolic blood pressure averaged

139 ± 7 and 89 ± 3 mmHg, respectively. Noteworthy, our

systolic and diastolic blood pressure results meet the cut-

off values for clinical diagnosis of orthostatic hypertension.

The significantly greater change in mean arterial pressure

cannot be explained by changes in BRS and/or HRV as

these values were restored to baseline resting values.

Therefore, other factors likely contributed to increases in

arterial blood pressure following 24 h of recovery. It is

plausible that exercise in the heat caused significant

dehydration (average loss of body weight *1.2 kg) and

plasma hyperosmolarity (Bartholomew et al. 2005; Nybo

2008).

Limitations

Heart rate variability indices (particularly high-frequency

power) are to a large extent influenced by breathing pattern

and it is usually recommended to control the frequency of

breathing and tidal volume in HRV studies. We did not

attempt to control for the effects of respiration. Therefore,

the focus of this manuscript is on time domain measures of

HRV, specifically changes in RMSSD which are directly

related to the parasympathetic nervous system. Frequency

domain measures of HRV are used as a secondary measure

to support our conclusion regarding withdrawal of para-

sympathetic activity following EIH.

Conclusion

We conclude that modulation of the ANS is an important

contributing factor in the maintenance of cardiac output in

early stages (\80 min) following EIH. The withdrawal of

parasympathetic activity, evidenced by a reduction in

RMSSD and SDNN of time domain HRV, and shift toward

greater sympathetic drive that occurs during this period,

results in a reflex tachycardia which helps to compensate

for the reduction in venous return (and therefore cardiac

filling). We show, however, that ANS activity and baro-

reflex sensitivity is restored following 24 h of recovery.
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