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Abstract Passive whole-body hyperthermia increases limb blood flow and cardiac output (Q), but
the interplay between peripheral and central thermo-haemodynamic mechanisms remains unclear.
Here we tested the hypothesis that local hyperthermia-induced alterations in peripheral blood flow
and blood kinetic energy modulate flow to the heart and Q. Body temperatures, regional (leg, arm,
head) and systemic haemodynamics, and left ventricular (LV) volumes and functions were assessed
in eight healthy males during: (1) 3 h control (normothermic condition); (2) 3 h of single-leg heating;
(3) 3 h of two-leg heating; and (4) 2.5 h of whole-body heating. Leg, forearm, and extracranial
blood flow increased in close association with local rises in temperature while brain perfusion
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remained unchanged. Increases in blood velocity with small to no changes in the conduit artery
diameter underpinned the augmented limb and extracranial perfusion. In all heating conditions,
Q increased in association with proportional elevations in systemic vascular conductance, related
to enhanced blood flow, blood velocity, vascular conductance and kinetic energy in the limbs and
head (all R* > 0.803; P < 0.001), but not in the brain. LV systolic (end-systolic elastance and
twist) and diastolic functional profiles (untwisting rate), pulmonary ventilation and systemic aerobic
metabolism were only altered in whole-body heating. These findings substantiate the idea that local
hyperthermia-induced selective alterations in peripheral blood flow modulate the magnitude of flow
to the heart and Q through changes in blood velocity and kinetic energy. Localised heat-activated
events in the peripheral circulation therefore affect the human heart’s output.

(Received 3 October 2023; accepted after revision 3 April 2024; first published online 1 May 2024)
Corresponding author K. Watanabe: Faculty of Education and Human Studies, Akita University, Akita City, Akita,
010-8502, Japan.  Email: k.watanabe@ed.akita-u.ac.jp

Abstract figure legend We investigated the regional (leg, arm and head) and systemic haemodynamics during passive
single-leg, two-leg and whole-body hyperthermia to test the hypothesis that the increase in cardiac output (Q) with
hyperthermia is closely related to elevations in peripheral haemodynamics rather than changes in central haemodynamic
forces and factors. Single-leg, two-leg, and whole-body hyperthermia induced graded increases in Q, tightly associated
with increased peripheral (limbs and head) blood flow, vascular conductance (VC), blood velocity (BV) and kinetic
energy (KE). Our findings suggest that central forces and factors related to cardiorespiratory and metabolic activities,
such as alterations in pressure propulsion and left ventricular function, are not obligatory for increasing Q during passive
hyperthermia. This highlights the importance of heat-activated events in periphery in the control of blood circulation
during hyperthermia.

Key points

® Local and whole-body hyperthermia increases limb and systemic perfusion, but the underlying
peripheral and central heat-sensitive mechanisms are not fully established.

® Here we investigated the regional (leg, arm and head) and systemic haemodynamics (cardiac
output: Q) during passive single-leg, two-leg and whole-body hyperthermia to determine the
contribution of peripheral and central thermosensitive factors in the control of human circulation.

e Single-leg, two-leg, and whole-body hyperthermia induced graded increases in leg blood flow
and Q. Brain blood flow, however, remained unchanged in all conditions. Ventilation, extracranial
blood flow and cardiac systolic and diastolic functions only increased during whole-body hyper-
thermia.

¢ Theaugmented Q with hyperthermia was tightly related to increased limb and head blood velocity,
flow and kinetic energy.

e The findings indicate that local thermosensitive mechanisms modulate regional blood velocity,
flow and kinetic energy, thereby controlling the magnitude of flow to the heart and thus the
coupling of peripheral and central circulation during hyperthermia.

Kazuhito Watanabe is an associate professor in the Faculty of Education and Human Studies at Akita University. The study
described in the present manuscript represents research conducted as part of his post-doctoral training at Brunel University
London, under the guidance of Professor José Gonzalez-Alonso. His research interests encompass integrative human cardio-
vascular control during exercise and environmental stress, with a particular focus on understanding the role of the heart and the
periphery in the control of blood circulation.
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Introduction

Increases in body temperature elicit profound alterations
in peripheral and central haemodynamics. During
thermal interventions evoking progressive hyperthermia
at rest (i.e. passive hyperthermia), cardiac output Q)
increases by ~3 L min~! for every 1°C rise in core
temperature, and the magnitude of the elevation can be
>5 L min~! during severe whole-body hyperthermia
with arterial pressure remaining stable or declining
slightly (Chiesa et al., 2016, 2019; Minson et al., 1998;
Rowell et al, 1969; Stohr, Gonzalez-Alonso, Pearson
etal, 2011). According to the conventional view of blood
circulation, central haemodynamic forces evoked by the
pressure-generating function of the heart are the principal
determinants of blood flow distribution to the peripheral
tissues and organs (Rowell, 1993; Secomb, 2016). In this
cardiocentric construct, the elevated heart rate (HR) is
the key factor increasing Q and the heart is the primary
organ generating the mechanical energy (pressure energy)
to increase peripheral blood flow during hyperthermia.
However, contention arises given that classic observations
in the isolated mammalian heart demonstrate that the
rise in blood temperature linearly increases HR, but
does not alter Q because of the proportional reduction
in stroke volume (SV) (Knowlton & Starling, 1912).
A similar phenomenon has been observed in human
studies where HR was increased using cardiac pacing
(Bada et al., 2012; Munch et al., 2014; Parker et al,
1971; Ross et al., 1965; Stein et al., 1966). It therefore
seems that hyperthermia-induced tachycardia alone does
not explain the augmented Q because the concomitant
shortened cardiac cycles and reduced cardiac filling time
need to accommodate the increase in venous flow to the
heart.

Central mechanisms such as increased intrathoracic
pressure gradient induced by hyperventilation (i.e.
the respiratory pump) and/or enhancement of the
left ventricular (LV) systolic and diastolic functions
(including diastolic suction; Nikoli¢ et al., 1988) could at
least in part mediate the hyperthermia-induced increased
Q. However, these factors might not have profound effects
on Q, as the hyperventilation (Fujii et al., 2015; Tsuji et al.,
2019; White, 2006) and the enhanced LV functions (St6hr,
Gonzélez-Alonso, Pearson et al., 2011) at rest are closely
associated with the rise in core temperature. In this light,
recent studies in humans reveals that single-leg (Koch
Esteves et al., 2021), unilateral arm (Kalsi et al., 2017)
and bilateral arm (van Mil et al,, 2016) hyperthermia
concurrently increase blood flow at the heated limb
and Q, despite no elevation in core temperature or any
alterations in aerobic metabolism (Gibson et al., 2023).
It has also been shown that changes in local vascular
conductance are closely associated with local tissue
and blood temperature (Chiesa et al., 2016; Kalsi et al.,
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2017; Pearson et al., 2011), and that blood velocity and
flow only increase in the conduit arteries perfusing the
heated tissues within the leg (Koch Esteves et al., 2021,
2024). These observations point to localised heat-related
increases in the peripheral perfusion, rather than central
cardiorespiratory and metabolic factors, as an important
influence on the hyperthermia-induced increase in Q. To
the best of our knowledge, however, the interplay between
peripheral and central thermo-haemodynamic factors in
the circulatory response to hyperthermia has not been
fully established and understood.

A fundamental question is where the energy that
accelerates the movement of blood with hyperthermia
is derived from. According to Bernoulli’s law, the total
mechanical energy of blood is determined by the pressure
energy generated by the heart, the gravitational potential
energy and the kinetic energy of the flowing blood.
Given the fact that the kinetic energy is proportional
to the square of blood velocity, and that regional leg
heating induces selective elevations in velocity and flow
in the heated tissues (Koch Esteves et al., 2021, 2024),
it is conceivable that heat energy, transferred in the
periphery during thermal interventions, increases the
kinetic energy of the flowing blood. The observation that
blood velocity in the 3-day-old-chick embryo increases
3.7-fold with application of local infrared radiation even
though the heart has been stopped supports this notion
(Li & Pollack, 2023). A heat-dependent, vessel-based
flow-driving mechanism may therefore accelerate blood
flow to the heart, ultimately leading to an increase in
systemic circulation (i.e. Q). However, no study to date has
explored the associations between heat-related changes
in peripheral blood velocity or kinetic energy and the
heart’s output in humans. Answering this question will
not only shed light on the longstanding debate of what
drives blood circulation (Folkow & Neil, 1971; Furst, 2020;
Furst & Gonzalez-Alonso, 2024; Guyton, 1967; Joyce &
Wang, 2021; Krogh, 1912a,b; Patterson & Starling, 1914;
Rowell, 1993), but will also help establish the effectiveness
of passive lower-limb heating as a therapeutic intervention
to improve cardiovascular health.

Accordingly, the aim of this study was to
comprehensively investigate the peripheral (leg, arm
and head) and systemic circulatory, cardiorespiratory
and metabolic responses to prolonged single-leg, two-leg
and whole-body hyperthermia compared to a control
normothermic condition. In addition, to shed light on the
potential role of intrinsic and extrinsic cardiac factors on
the central haemodynamic responses to hyperthermia,
the impact of leg and whole-body hyperthermia on LV
volumes along with LV mechanics, left intraventricular
pressure gradients and ventriculo-arterial coupling were
assessed. We hypothesised that the increase in Q is
closely related to the rise in peripheral haemodynamics
across a wide range of hyperthermic conditions, and
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that in opposition to the cardiocentric construct of
blood circulation, central factors — such as alterations
in the contributions of the respiratory pump, pressure
propulsion and LV contractility and suction - are not
obligatory for elevating Q with hyperthermia.

Methods
Ethical approval

The study was approved by the Brunel University London
Research Ethics Committee (6237-A-Jun/2017-7569-2)
and was carried out in accordance with the Declaration of
Helsinki. Written informed consent was obtained from all
participants prior to commencement of the study.

Participants

Eight healthy males with a mean (£SD) age of 29 =+
11 years, height of 179 & 7 cm and body mass of
73 £ 10 kg participated in the study. The participants
were non-smokers and were not taking prescription
medications.

Experimental design

Participants visited the laboratory on four occasions
separated by >3 days, undergoing four randomly
assigned and counterbalanced protocols: (1) 3 h of
no heating (control); (2) 3 h of single-leg heating; (3)
3 h of two-leg heating; and (4) 2.5 h of whole-body
heating. In comparison to the first three protocols, the
whole-body heating trial was terminated earlier because
all participants reached their limit of heat tolerance after
2.5 h. For all four protocols, participants were required
to abstain from strenuous exercise and alcohol intake
for 24 h and caffeine consumption for 12 h before the
commencement of the protocol.

On the experimental day, participants arrived at the
laboratory postprandial at 08.00 h, and body mass was
measured after the voiding of urine. The participants
then entered an environmental chamber set at 23°C
and rested in a supine position on a bed. Following
instrumentation and baseline measurements prior to
heating, participants were fitted with a water-perfused
garment on their right leg for protocol 2 (single-leg
heating), both legs for protocol 3 (two-leg heating), and
both legs and upper body except the head for protocol 4
(whole-body heating). The garment was connected to a
thermostatically controlled water circulator (F-34, Julabo,
Seelbach, Germany), which continuously circulated hot
water (50°C outlet temperature exiting the water circulator
system) and wrapped in a survival blanket to limit heat
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loss. During the experimental protocols, LV volumes and
functions and leg, arm and head haemodynamics were
assessed every 30 min using an ultrasound system (see
below for further details). Blood samples, respiratory
and metabolic variables, and thermal sensation - an
eleven-point scale, ranging from —5 (unbearably cold)
to 5 (unbearably hot) with 0 being neutral, which is
a scale slightly modified from that reported by Toner
et al. (1986) — were also obtained at the same time
points. HR, blood pressure and body temperatures were
recorded continuously. Participants ingested fluids during
the heating protocols to maintain a normal hydration
status (i.e. 0.1 & 0.2, 0.3 & 0.1 and 0.9 & 0.1 L h™! of
water during single-leg, two-leg, and whole-body heating,
respectively).

Cardiac function

LV volume and function. LV volume and function were
assessed using an ultrasound system (Vivid 7 Dimension;
GE Medical, Horton, Norway) equipped with a sector
array probe (M4S) according to current guidelines
(Lang et al., 2015). Every 30 min during the protocols,
echocardiographic images of five consecutive cardiac
cycles were obtained during 45° left lateral tilt of the bed.
All cardiac data are presented as the average of three
consecutive cardiac cycles. Care was taken to ensure that
all ultrasound settings, including image depth and frame
rates, were kept constant within participants. Apical
four-chamber and two-chamber images were recorded,
and end-diastolic volume (LVEDV), end-systolic volume
(LVESV) and SV were analysed using the Simpson’s
biplane method and the manufacturer’s software
(EchoPAC PC version 203; GE Healthcare, Tokyo,
Japan). Q was calculated as the product of HR and
SV. Systemic vascular conductance was calculated as
Q/mean arterial pressure (MAP). LV ejection and filling
times and isovolumetric contraction and relaxation times
were assessed using pulsed wave tissue Doppler imaging
of the septal mitral annular velocity (Alam et al., 1999;
Stohr, Gonzalez-Alonso & Shave, 2011).

Systolic and diastolic LV mechanics. Systolic and diastolic
LV mechanics were assessed from parasternal short-axis
images recorded at the mitral valve and apical level as
described in detail previously (Stéhr et al., 2016). In
brief, images at the mitral valve level (basal level) were
standardized by ensuring that the images were taken
as cranially as possible and the full thickness of the
myocardium was imaged throughout the cardiac cycle.
Apical short-axis views were obtained by identifying
the standardised apical four-chamber location, and then
tilting the probe into the short-axis plane and keeping the

© 2024 The Authors. The Journal of Physiology published by John Wiley & Sons Ltd on behalf of The Physiological Society.
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probe as close to the apex as possible, whilst ensuring a
circular view without luminal obliteration at end-systole.
A single focal point was positioned in the centre of
the ventricular cavity for all short-axis images. Images
were analysed off-line for two-dimensional speckle
tracking-derived LV twist mechanics. From the raw
speckle tracking output, data were interpolated to 600
points at equidistant time intervals in systole and diastole,
respectively, as previously recommended (Burns et al,
2008). The frame-by-frame basal rotation (°) and rotation
velocity (° s7!) data were subtracted from apical rotation
and rotation velocity data, respectively, to determine peak
systolic LV twist (°) and early diastolic untwisting rate (°
s~ !). Similarly, systolic radial and circumferential strain
(both %) were quantified from speckle tracking analysis
of parasternal short-axis images.

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

Leg, arm and head haemodynamics

Blood flow was measured every 30 min during the
protocols in the common femoral artery (CFA), brachial
artery (BA), common carotid artery (CCA) and internal
carotid artery (ICA) as previously described (Kalsi et al.,
2017; Koch Esteves et al.,, 2021; Trangmar et al., 2014)
using a 10 MHz linear probe (10L). The water-perfused
garment had custom-made openings which allowed the
probe to be placed on the skin with minimal heat
loss. CFA blood flow measurements were acquired at
a position 2—3 cm distal to the inguinal ligament in
participants’ right leg (i.e. the heated leg except in the
control trial). For the measurement of BA blood flow,
the participants’ right arm was extended and positioned
on a table at the side of the bed, and blood flow
was obtained ~5 cm proximal to the antecubital fossa.
The right CCA and ICA blood flow were measured
~1.5 cm proximal to and ~1.0—1.5 cm distal to the
carotid bifurcation, respectively. Longitudinal images
of the arteries were recorded when the intima-media
boundary was clearly visible, and arterial diameters
related to systole and diastole were measured as the
largest and smallest diameters within each cardiac cycle.

Human circulatory control during hyperthermia 2231

Mean diameter was calculated as systolic diameter x
1/3 + diastolic diameter x 2/3. CFA, BA, CCA and
ICA cross-sectional areas (CSAs; in cm?) were estimated
as follows: CSA = 7 x (mean diameter/2)?. Blood
velocity was measured simultaneously with artery images
using continuous pulsed-wave Doppler at a frequency of
4.4 MHz, with an insonation angle consistently below
60° and the sample volume extended to cover the entire
vessel lumen. Continuous 12-s blood velocity profiles were
recorded and analysed offline to calculate time-averaged
mean blood velocity (Vipen) with the manufacturer’s
software (EchoPAC PC version 112; GE Medical, Horton,
Norway). CFA, BA, CCA and ICA blood flow were
calculated as the product of the Vi;ean (incm s™!) and CSA
(in cm?) and were multiplied by 60 and divided by 1000
to obtain values expressed in L min~!. ICA blood flow
was multiplied by 2 to calculate anterior cerebral blood
flow, an index of brain blood flow which accounts for
~78% of the total cerebral blood flow (Bain et al., 2020;
Gibbons et al., 2020, 2021; Ogoh et al., 2013). Additionally,
external carotid artery (ECA) blood flow was calculated
by subtracting ICA blood flow from CCA blood flow and
then doubled to obtain extracranial blood flow. CFA, BA,
CCA, ICA and ECA vascular conductance were calculated
as the corresponding vessel blood flow/MAP. Assuming
that the rate of arterial inflow and venous outflow are
the same during steady-state condition, the volume of
blood passing through the peripheral veins during each
cardiac cycle (beat volume; in mL) was estimated by
dividing blood flow in the CFA, BA and CCA by HR;
they were then doubled and added together to obtain
an index of the limbs and head beat volume during the
control, the two-leg heating and the whole-body heating
trials. During the single-leg heating trial, however, the
legs’ beat volume was estimated as the sum of the heated
and control legs blood flows divided by HR, with the
control (non-heated) leg blood flow being stable as in
the control trial (Koch Esteves et al., 2021, 2023). To
obtain mechanistic information on the forces driving
blood circulation, kinetic energy (KE) of flowing blood
in the limbs and head was calculated as follows: KE
(m] beat™!) = % pVv* where p is blood density (assumed
to be 1.0506 g mL~! as previously reported by Trudnowski
& Rico, 1974), V is blood volume (on a per beat basis:
beat volume), and v is blood velocity (calculated as average
blood velocity in the CFA, BA and CCA multiplied by
duration of the cardiac cycle in s). Blood kinetic energy
in brain was also estimated in the same way using anterior
cerebral beat volume and blood velocity.

Haematological parameters

Blood samples were taken via a venous cannula inserted
into a superficial antecubital vein for subsequent

© 2024 The Authors. The Journal of Physiology published by John Wiley & Sons Ltd on behalf of The Physiological Society.
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measurements of haemoglobin (Hb) concentration
via the azidemethemoglobin method (HemoCue® Hb
2014+ System, HemoCue AB, Angelholm, Sweden)
and haematocrit (Hct), measured in quadruplicate
using standard sodium-heparinized capillary tubes
(micro-haematocrit tubes, Hawksley, Lancing, UK) and
centrifugation (5 min; HaematoSpin 1400, Hawksley)
procedures. The percent changes in blood, red cell
and plasma volumes were calculated from the Hb and
Hct values as described by Dill and Costill (1974). The
absolute changes in blood, red cell and plasma volumes (L)
were then estimated using previously reported equations
(Sawka et al., 1992). The placement of a venous catheter
was not successful for one participant; therefore, blood
samples were obtained in seven participants.

Heart rate, arterial pressure and body temperatures

HR was monitored via a three-lead electrocardiogram.
Arterial blood pressure was measured non-invasively
using finger photoplethysmography (Finometer, Finapres
Medical Systems, Enschede, The Netherlands). The
monitoring cuff was placed around the middle finger of
the right hand, with the forearm and hand supported
so that the cuff was positioned at the vertical level
of the heart. Core temperature was assessed using a
commercially available rectal probe (RET-1, Physitemp
Instruments, Clifton, NJ, USA) inserted 15 cm past the
sphincter muscle and connected to a thermocouple meter
(TC-2000, Sable Systems, North Las Vegas, NV, USA).
Skin temperature from six sites (forehead, chest, arm,
thigh, calf and foot) was obtained using commercially
available thermistors (IT-18, Physitemp Instruments).
Mean skin temperature from four sites (chest, arm,
thigh and calf) was calculated using a standard weighted
formula (Ramanathan, 1964) and then mean body
temperature from core and mean skin temperatures was
obtained as previously described (Hardy et al., 1938).
Mean leg skin temperature was calculated from three
skin temperatures weighted to the following regional
proportions: 63% thigh, 28% calf and 9% foot based on
previously reported body segment weights (Plagenhoef
et al., 1983). Muscle temperature in the vastus lateralis
muscle of the right thigh was measured using a thermistor
(T-204f, Physitemp Instruments) inserted via an 18G
catheter ~3 cm into the mid-portion of the muscle.
The temperature probe and thermistors were connected
to a thermocouple meter (TC-2000, Sable Systems)
with the data being sampled at 1000 Hz together with
analogue signals of the electrocardiogram and blood
pressure waveform using a data acquisition unit (Powerlab
16/30, ADInstruments, Bella Vista, NSW, Australia) and
analysed off-line using a data analysis software (LabChart
8, ADInstruments).
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Effective arterial elastance, LV end-systolic elastance,
and ventriculo-arterial coupling

Effective arterial elastance is widely accepted to reflect
the net arterial load imposed on the LV, whereas the
LV end-systolic elastance is an integrated measure of LV
performance (Sagawa et al., 1977; Sunagawa et al., 1983).
To obtain additional information on the cardiac afterload
and myocardial contractility, we calculated non-invasive
indexes of effective arterial elastance (0.9 x systolic blood
pressure/SV) and LV end-systolic elastance (0.9 x systolic
blood pressure/LVESV), respectively (Chantler & Lakatta,
2012; Chantler, Lakatta et al., 2008). We also evaluated
the interaction of the LV contractile function and the load
opposed by the arterial system, termed ventriculo-arterial
coupling, by dividing LV end-systolic elastance by effective
arterial elastance.

Respiratory and metabolic parameters

Inspired and expired gases were analysed using a
metabolic cart (Vyntus® CPX, CareFusion, Hochberg,
Germany). The flow sensor was calibrated using a
calibration syringe at a fixed volume of air. The O,
and CO, sensors were calibrated with room air and
reference gases of known concentration (O, 15%, CO,
5%, N, balance). Oxygen uptake (VOZ), carbon dioxide
output (VCOZ)’ pulmonary ventilation (Vg), tidal volume,
respiratory frequency and end-tidal O, and CO, pre-
ssures (Pero, and Psrco,, respectively) were recorded on
a breath-by-breath basis. Arterial O, content (C,0,) was
calculated as: C,0, (mL L™!) = 1.36 x [Hb] x arterial
O, saturation + 0.03 X Pgro, (assuming arterial O,
saturation is 0.98 as previously shown by Chiesa et al,,
2015; Pearson et al., 2011). Mixed venous O, content
(Ci0,) was also calculated from Vo, Qand C.0, using the
Fick equation (G0, = C,0, — a-¥ O, difference where a-¥

O, difference = Voz/ Q).

Statistical analysis

Data are reported as means £ SD unless otherwise
stated. Differences in measured variables were assessed
using a two-way repeated-measures analysis of variance
(ANOVA) in which protocols (control, single-leg heating,
two-leg heating and whole-body heating) and time
(temperature data: baseline, 0, 0.5, 1, 1.5, 2, 2.5 and
3 h; the other data: baseline, 0.5, 1, 1.5, 2, 2.5 and 3 h)
were the main factors. Bonferroni’s method was used
as a post hoc test. The relationships between selected
physiological variables were evaluated using Pearson’s
product-moment correlation analysis. Statistical analyses
were performed using IBM SPSS Statistics (version 28,

© 2024 The Authors. The Journal of Physiology published by John Wiley & Sons Ltd on behalf of The Physiological Society.

85UB011] SUOWIWOD 3ATeRID) |qed ! [dde 8L Aq peusenob a1e sape YO ‘SN J0 S3|nJ 1o} Akeiq 17 8U1UO 8|1 UO (SUORIPUOD-PLe-SLLS}WI0D" A3 1M Aeq 1 eu|uo//SdNY) SUOIPUD PUe SWS L 83 885 *[5202/60/0€] U0 AzeiqiT8UIIUO A8|IM ‘80US|OX3 818D PUR U3ESH 0j@Imiisu] euoeN ‘3DIN AQ 092582 /ETTT OT/I0p/L00" A3 Im Aeiq 1 jeujuo-00sAuyd/sdiy woiy pepeojumoq ‘0T ‘b0z ‘€6.L69YT



J Physiol 602.10

IBM Corp., Armonk, NY, USA). P-values of <0.05 were
considered significant.

To assess relationships between circulatory and
temperature responses, we performed regression analysis,
and the linear, sigmoidal and exponential models were
fitted using GraphPad Prism (version 8, GraphPad
Software, San Diego, CA, USA) as previously reported
(Foster et al., 2022; Koch Esteves et al., 2021). Akaike’s
information criterion was used to select the best regression
model (Akaike, 1973). Where appropriate the curve fitting
was conducted with the following (1) sigmoidal and (2)
exponential models:

Blood fiow (L min™") = BFgotom

B]-:Top - BFBottom
1 + (BFso)HlllSlope

X

(1)

Blood fiow (L minfl) = BE, - &* (2)

where BFgotom and BFr,, are minimum and maximum
plateaus in the units of the blood flow respectively, x
represents the input variable (i.e. local temperature), BF50
is the value of x that gives a response half way between
the minimal and maximal responses of the blood flow,
HillSlope is the steepness of the curve, BF, is the blood
flow value when x (local temperature) is zero, and k is the
rate constant. These parameters were calculated to find
the optimal fit to the data (producing the least variance)
according to the manufacturer’s instructions.

Results

Hydration status, body temperature, and thermal
sensation

Body mass and blood volume were similar among all
trials (main effect of trial for body mass: P = 0.909;
Table 1), except for the blood volume during the last hour
of whole-body heating, which became lower compared
with the control and single-leg heating trials (A = —286
+ 260 mL vs. control, P = 0.045, 0.020 and 0.016 at 1.5,
2 and 2.5 h, respectively) in association with proportional
reductions in plasma volume (Table 1). All temperatures
remained unchanged during the control trial (Fig. 1).
As per design, leg skin and thigh muscle (quadriceps)
temperatures increased rapidly by 4—10°C in all heating
trials, whereas core temperature increased gradually by 0.4
£0.2,0.7 & 0.2 and 2.3 £ 0.4°C during single-leg, two-leg
and whole-body heating, respectively (all P < 0.001 vs.
baseline at the end of the heating; Fig. 1). Arm skin
temperature increased rapidly during whole-body heating
(P < 0.001 vs. baseline at 0.5 h; Fig. 1) but not in the
other trials (P = 1.000 vs. baseline at 0.5 h; Fig. 1),
although it was elevated during the last hour of the two-leg

Human circulatory control during hyperthermia 2233

@ Whole-body heating
I Two-leg heating

& Single-leg heating
-O- Control

Core temperature

Leg skin temperature  Thigh muscle temperature

Arm skin temperature

Forehead skin temperature

Figure 1. Core, thigh muscle (quadriceps) and regional skin
temperatures during 3 h of no heating (control), single-leg
heating and two-leg heating and 2.5 h of whole-body heating
Data are means =+ SD for eight participants. BL signifies baseline
measurements. *P < 0.05 vs. control; TP < 0.05 vs. single-leg
heating; *P < 0.05 vs. two-leg heating. All variables below the
horizontal line reported significant difference from control. [Colour
figure can be viewed at wileyonlinelibrary.com]

© 2024 The Authors. The Journal of Physiology published by John Wiley & Sons Ltd on behalf of The Physiological Society.

85UB0| 7 SUOWIWOD BT8O 8|cedl|dde sy Aq peussnob afe sepne O ‘8sn JO SN Joy ARuq 1 8uluQ /8|1 UO (SUONIPUOD-PpUe-SULBIAWOD A8 1M Ake1q 1 Bul|UO//:SdL) SUONIPUOD PUe SW.e | 8U) 885 *[S202/60/0E] U0 AidiauIUO AB|1M ‘@0UB|[poXT 818D Pue YlfeeH Joja1mnsu| feuoieN ‘3OIN Aq 09/582dr/ETTT 0T/I0p/wW0d A3 im Aleiq 1 puljuo-00sAyd//sdny wouy pepeojumod ‘0T ‘¥20Z ‘€6.269T



2234

Table 1. Body mass, blood parameters and thermal sensation

K. Watanabe and others

J Physiol 602.10

Baseline 0.5 h 1h 1.5h 2h 2.5h 3h

Body mass (kg)
Control 72.5+9.8 — — — — — 72.0 £ 10.0
Single-leg heating 72.3+9.9 — — — — — 719 +9.9
Two-leg heating 72.5+9.7 — — — — — 72.1+9.8
Whole-body heating 72.2+94 — — — — 72.0+£9.5

Haemogoblin (g L=")
Control 148 + 14 150 + 14 150 + 14 150 + 13 150 + 13 150 + 12 149 + 12
Single-leg heating 147 £ 11 148 + 12 147 £ 11 147 £ 10 148 +£ 8 147 £7 150 + 8
Two-leg heating 146 + 9 148 + 8 150 + 9 150 + 9 151+ 7 151+ 7 152 +8
Whole-body heating 148 + 10 151 + 12 155 + 13 156 + 147 159 £ 12%1# 159 £ 11=1#

Haematocrit (%)
Control 46.6 + 3.7 473 +£4.1 47.4 + 3.7 47.4 + 3.5 47.7 + 3.8 46.9 + 4.0 46.8 + 3.6
Single-leg heating 46.1 £ 1.7 46.4 £ 2.0 457 £ 2.1 46.0 £ 2.4 459 £ 2.4 46.3 + 2.5 46.3 £ 2.6
Two-leg heating 46.1 +3.2 46.0 + 2.8 46.0 + 2.9 46.3 + 3.0 46.5 + 2.9 46.6 + 2.9 46.9 + 3.0
Whole-body heating 46.8 + 3.9 46.4 + 3.8 47.2 £4.2 48.0 £ 4.3 486 + 4.11 48.6 +4.0

Red cell volume (L)
Control 1.9 +0.2 1.9+0.2 1.9 +£0.2 1.9 +£0.2 1.9 +£0.2 1.9 +£0.2 1.9+0.2
Single-leg heating 1.94+0.2 1.9+0.2 1.9+0.2 1.9+0.2 1.94+0.2 1.94+0.2 1.9+0.2
Two-leg heating 1.9+0.2 1.9+0.2 1.8 +£0.2 1.8+ 0.2 1.8+0.2 1.8+0.2 1.8+0.2
Whole-body heating 1.9+0.2 1.8+0.2 1.8+0.2 1.8+0.2 1.8+0.2 1.8+0.2

Plasma volume (L)
Control 3.2+0.3 3.1+03 3.1+03 3.1+0.3 3.1+0.3 3.1+04 3.1+03
Single-leg heating 3.2+0.2 3.1+03 3.2+0.2 3.2+03 3.1+0.2 3.1+0.2 3.1+0.2
Two-leg heating 3.2+0.2 3.1+03 3.14+0.2 3.1+0.2 3.0+0.3 3.0+0.3 3.0+0.2
Whole-body heating 3.2+0.2 3.1+0.2 3.0+ 0.3" 2.9+ 0.3" 2.8+ 0.3%" 2.84+0.3"

Thermal sensation
Control -1.1+04 -0.9+0.7 —-1.3+0.7 -1.3+0.7 -1.44+0.9 -1.44+1.2 -13+1.0
Single-leg heating —-1.3+0.7 0.1 £ 0.6 0.3 £ 0.5* 0.4 £ 0.5 1.1 £0.7* 1.3 +£0.8* 1.3 £0.7%
Two-leg heating -0.6 £ 0.5 1.6 + 0.5%" 2.0 £ 0.9%" 2.8 +£0.9%" 2.9 +0.6%" 2.8 +0.75" 2.5+ 0.9*
Whole-body heating -1.14+1.1 2.5+ 0.5%1 3.1+ 0.6%" 3.4 4 0.9%1 3.9 4+ 0.9%1 4.2 +0.7+"

Data represented as mean =+ SD. For body mass and thermal sensation, n = 8 participants; for blood parameters, n = 7 participants.

*P < 0.05 vs. control.
"P < 0.05 vs. single-leg heating.
*P < 0.05 vs. two-leg heating.

heating trial compared to control (P = 0.015, 0.033 and
0.027 at 2, 2.5 and 3 h, respectively, vs. control; Fig. 1).
Forehead skin temperature remained unchanged in the
control and both leg heating trials (P = 0.449, 0.057 and
1.000 vs. baseline at the end of the protocol in the control,
single-leg heating and two-leg heating trials, respectively;
Fig. 1), but increased gradually with whole-body heating
(P < 0.001 vs. baseline at the end of heating; Fig. 1).
The perceived thermal sensation remained unchanged
in control (—1, slightly cool; P = 1.000 vs. baseline at
the end of the protocol; Table 1), but it increased in the
heating trials in relation to the magnitude of heat stress,
with values being perceived as ‘slightly warm’ (1) during
single-leg heating, ‘warm or hot’ (2—3) during two-leg
heating and ‘very hot’ (4) after 2.5 h of whole-body heating
(all P < 0.001 vs. baseline at the end of the heating;
Table 1).

Peripheral and systemic haemodynamics

Peripheral and systemic blood flow and blood pressure
remained stable in control (Fig. 2). Leg blood flow
increased progressively in all heating trials up to 0.5—0.9
L min~! above baseline (all P < 0.001 vs. baseline at
0.5 h; Fig. 2) whereas forearm blood flow increased during
the two-leg and whole-body heating trials (P < 0.006 vs.
control at the end of the heating; Fig. 2) and extracranial
blood flow only increased during whole-body heating
(0.27 & 0.13 L min™'; P < 0.001 vs. control at 2.5 h;
Fig. 2). Conversely, anterior cerebral blood flow remained
unchanged in all trials (main effect of trial, P = 0.176;
time X trial interaction effect, P = 0.130; Fig. 2). The
increases in leg, forearm and extracranial blood flow
were solely or largely related to increases in blood
velocity (leg: A = +3—4-fold vs. control, P < 0.001;
forearm: A = +6—12-fold vs. control, P < 0.001; head:
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A = +1.6-fold vs. control, P < 0.001), as vessel diameter
remained unchanged in the CFA (main effect of trial,
P = 0.488; time x trial interaction effect, P = 0.094)
or increased above control values in the BA and CCA
(BA: A = +1.1—-1.3-fold vs. control, P < 0.007; CCA:
A = +1.1-fold vs. control, P < 0.001).

Q increased gradually with single-leg, two-leg and
whole-body heating (A = +2.1 £ 0.6, +3.4 £+ 0.7 and
+7.3 + 1.0 L min™! vs. control, respectively, P < 0.001;
Fig. 2) accompanied by increases in systemic vascular
conductance (A = +28.3 + 8.3, +42.9 + 8.9 and +80.1

Human circulatory control during hyperthermia 2235

+ 15.8 mL min~' mmHg™! vs. control, respectively,
P < 0.001; Fig. 2). MAP transiently decreased during the
first hour of two-leg and whole-body heating (A = —10.9
£ 8.2 and —10.6 £ 6.5 mmHg vs. control, respectively,
P =0.039 and 0.011 at 0.5 h, 0.004 and 0.034 at 1 h, 0.018
and 1.000 at 1.5 h, 0.001 and 0.019 at 2 h; Fig. 2) but it
returned gradually to the baseline levels and did not differ
from control at the end of the heating (P = 0.196 and
1.000 in two-leg and whole-body heating, respectively;
Fig. 2). Similar responses were observed in systolic arterial
pressure (Fig. 2).

@ Whole-body heating
I Two-leg heating

- Single-leg heating
O Control

Leg blood flow
(L m|n_1)

0.7 q
0.6+

Forearm blood flow
(L min™")

Extracranial blood flow
(Lmin" ")

Figure 2. Peripheral and systemic
haemodynamics during 3 h of no
heating (control), single-leg heating
and two-leg heating and 2.5 h of
whole-body heating

Leg, forearm, extracranial and anterior
cerebral blood flow indicate blood flows in
the common femoral, brachial, bilateral
external carotid and bilateral internal
carotid arteries, respectively. Data are means
+ SD for 8 participants. BL signifies baseline
measurements. *P < 0.05 vs. control;

(L min™")

*F *F *Ti

Cardiac output
(L min~")

*7L

*t *11

Mean arterial pressure
(mmHg)

Anterior cerebral blood flow

TP < 0.05 vs. single-leg heating; ** < 0.05
vs. two-leg heating. [Colour figure can be
viewed at wileyonlinelibrary.com]
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LV volumes, heart rate, peripheral beat volume,
intraventricular pressure gradients, blood kinetic
energy, and LV ejection and filling times

LV volumes, peripheral beat volumes and blood kinetic
energy, HR, filling and ejection times and early diastolic
intraventricular pressure gradients of LV remained stable
during control (Fig. 3). In all heating trials, SV increased
compared to control (A = +23 £ 12 mL, P < 0.003 at the
end of the heating in single-leg and two-leg heating and
P < 0.001 in the first hour in whole-body heating; Fig. 3),
but it returned to baseline levels after 1 h of whole-body

@ Whole-body heating
F Two-leg heating
4 Single-leg heating

J Physiol 602.10

heating (P = 0.429 at 2.5 h; Fig. 3). The increased SV
was associated with both enhanced LVEDV (A = +10
£ 12 mL vs. control, P = 0.021 at the end of the heating
in two-leg heating and P = 0.028 at 0.5 h in whole-body
heating; Fig. 3) and reduced LVESV (A = —12 £ 5 mL
vs. control, P < 0.007 at the end of the heating in all
heating trials; Fig. 3), but the subsequent return to base-
line was solely related to a progressive decline in LVEDV
to or slightly below control level (A = —10 £ 15 mL vs.
control at 2.5 h, P = 0.100; Fig. 3), as LVESV decreased
throughout heating (A = —17 & 7 mL vs. control at
2.5 h, P < 0.001; Fig. 3). LV ejection fraction did not

Figure 3. Stroke volume, heart rate, left
ventricular (LV) volumes, peripheral
beat volume, intraventricular pressure
gradients, peripheral blood kinetic
energy and LV ejection and filling times
during 3 h of no heating (control),
single-leg heating and two-leg heating
and 2.5 h of whole-body heating
Cardiac images for intraventricular pressure
gradients were successfully analysed in all
data sets in seven participants and therefore
the intraventricular pressure gradiens data
are from seven participants. The other
parameters are from eight participants.
Data are means = SD. BL signifies baseline
measurements. *P < 0.05 vs. control;
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viewed at wileyonlinelibrary.com]
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change during control (66—68%; P = 1.000 vs. baseline)
but increased 6—7% units in all the heating conditions
compared to baseline (i.e. 73 & 2, 74 £ 3 and 77 &+ 3%
during single-leg, two-leg and whole-body heating at the
end of the heating, P < 0.001 vs. control).

HR increased in all heating trials, but the magnitude
of response was greater with whole-body compared to
two-leg and single-leg heating (A = +61 £ 13, +18 £+
6 and +11 =+ 7 beats min~', respectively, all P < 0.008 vs.
control at the end of the heating; Fig. 3). The increase in
HR was positively correlated to rise in core temperature
(R?> = 0.891, P < 0.001) and it increased 27 beats min~!
per 1°C rise in core temperature. The increases in HR
were accompanied by a progressive shortening of LV
ejection (A = —36 £ 21 and —139 =+ 36 ms vs. control,
respectively, P < 0.008 at the end of the heating; Fig. 3)
and filling times (A = —257 £ 129 and —514 +
170 ms vs. control, respectively, P < 0.001 at the end
of the heating; Fig. 3) during two-leg and whole-body
heating, whereas it was only related to a reduction in
LV filling time during single-leg heating (A = —176 +
117 ms vs. control, P = 0.008 at the end of the heating;
Fig. 3). A similar response was observed in isovolumetric
contraction (A = —33 &£ 18 ms vs. control, P < 0.039
at the end of the heating in all the heating trials) and
relaxation times (A = —27 & 11 ms vs. control, P < 0.022
at 2 h in two-leg and whole-body heating). Limbs and
head beat volume, an index of peripheral beat volume or
HR-independent venous return, increased in all heating
trials (A =49 +2to +17 & 8 mL vs. control, P < 0.003 at
the end of the heating in all the heating trials; Fig. 3). The
enhanced limbs and head blood kinetic energy was also
observed with two-leg and whole-body heating (A = +1.0
+ 0.3 and +1.1 & 0.8 mJ beat™! vs. control, respectively,
P < 0.002 at the end of the heating; Fig. 3) whereas the
intraventricular pressure gradients from the LV base to
the apex remained stable in all trials (main effect of trial,
P =0.300; time X trial interaction effect, P = 0.693; Fig. 3).

Effective arterial elastance, LV end-systolic elastance
and ventriculo-arterial coupling

Elastance and ventriculo-arterial coupling remained
stable in control (Fig. 4). Ventriculo-arterial coupling
increased with whole-body heating from 0.5 h onward
(A = +1.3 £ 0.6 arbitrary units vs. control, P < 0.001
at the end of the heating; Fig. 4), reflecting a rapid
decrease in effective arterial elastance (P < 0.003 wvs.
control at 0.5—2 h; Fig. 4) and a progressive increase
in LV end-systolic elastance (P < 0.021 vs. control
at 1-2.5 h; Fig. 4). The enhanced ventriculo-arterial
coupling was also observed with single-leg and two-leg
heating (A = +0.7 & 0.3 and 4-1.0 & 0.5 arbitrary unit vs.
control, respectively, P < 0.002 at the end of the heating;
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Fig. 4) but the response was slower (at 3 h and 1-3 h,
respectively) and mainly reflected a reduced effective
arterial elastance (P = 0.019 and 0.001 vs. control at
3 h, respectively; Fig. 4) as LV end-systolic elastance
remained unchanged (P = 0.250 and 0.061 vs. control at
3 h, respectively; Fig. 4).

LV twist mechanics and strains

LV twist and LV untwisting rate remained stable in control
and single-leg and two-leg heating trials (Fig. 5). However,
LV twist increased with whole-body heating from 1 h
onward (A = +12 4 5° vs. control, P = 0.001, 0.013
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Figure 4. Effective arterial elastance, LV end-systolic elastance
and ventriculo-arterial coupling during 3 h of no heating
(control), single-leg heating and two-leg heating and 2.5 h of
whole-body heating

Data are means + SD for eight participants. BL signifies baseline
measurements. *P < 0.05 vs. control; TP < 0.05 vs. single-leg
heating; *P < 0.05 vs. two-leg heating. [Colour figure can be viewed
at wileyonlinelibrary.com]
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and <0.001 at 1, 1.5 and 2—2.5 h, respectively; Fig. 5),
reflecting both enhanced basal rotation (P = 0.004, 0.626
and <0.001 at 1, 1.5 and 2—2.5 h, respectively; Table 2)
and enhanced apical rotation (P = 0.021, 0.266, 0.009
and 0.007 at 1, 1.5, 2 and 2.5 h, respectively; Table 2). A
similar pattern of response was observed in LV untwisting
rate which only changed during whole-body heating
(A = —100 £ 71° vs. control, P = 0.014, 0.089, 0.004
and 0.023 at 1, 1.5, 2 and 2.5 h, respectively; Fig. 5) and
it was associated with both enhanced basal rotation rate
(P = 0.017, 0.164 and <0.001 at 1, 1.5 and 2—2.5 h,
respectively; Table 2) and enhanced apical rotation rate
(P =0.001, 0.058, 0.012 and 0.010 at 1, 1.5, 2 and 2.5 h,
respectively; Table 2). Peak apical circumferential strain
increased during whole-body heating from 0.5 to 2 h
(P = 0.043, 0.008, 0.005 and 0.014 at 0.5, 1, 1.5 and 2 h,
respectively; Table 2), whereas peak radial (basal: main
effect of trial, P = 0.234; time x trial interaction effect,
P = 0.063; apical: main effect of trial, P = 0.625; time
x trial interaction effect, P = 0.238; Table 2) and basal
circumferential strain (main effect of trial, P = 0.305; time
x trial interaction effect, P = 0.211; Table 2) remained
unchanged in all trials.
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Figure 5. LV twist and untwisting rate during 3 h of no
heating (control), single-leg heating and two-leg heating and
2.5 h of whole-body heating

Data are means = SD for six participants (cardiac images for LV twist
mechanics were successfully analysed in all data sets in this number
of participants). BL signifies baseline measurements. *P < 0.05 vs.
control; TP < 0.05 vs. single-leg heating; *P < 0.05 vs. two-leg
heating. [Colour figure can be viewed at wileyonlinelibrary.com]
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Metabolic, respiratory and blood responses

Voz, Vcoz and Vi remained unchanged in the control and
the leg heating trials (Fig. 6), but they gradually increased
during whole-body heating (P < 0.001 vs. baseline at the
end of the heating; Fig. 6) such that Vo, Vo, and V after

@ Whole-body heating
I Two-leg heating

& Single-leg heating
-O- Control

LA

Systemic VO,
(L min™")

Pulmonary ventilation
(L min™")

130
120
110

100 1
40 1

301 pgco, T3
20 - t gy
10 -

PET02 and PETCOZ
(mmHg)

2404 Arterial LI
220

200
180 ~
160 ~
140 ~

Blood O, content
(mLL™)

120+ Mixed venous
100 -

i
BL 1 2 3
Time (h)

Figure 6. Systemic Vo,, pulmonary ventilation, end-tidal O,
(Perco,) and CO; (Pgrco,) pressures and blood O, content
during 3 h of no heating (control), single-leg heating and
two-leg heating and 2.5 h of whole-body heating

Blood O, content data are from seven participants whereas the
other parameters are from eight participants. Data are means =+ SD.
BL signifies baseline measurements. *P < 0.05 vs. control; tP < 0.05
vs. single-leg heating; ¥P < 0.05 vs. two-leg heating. [Colour figure
can be viewed at wileyonlinelibrary.com]
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Table 2. (Continued)

0.5h 1h 1.5h 2h 25h 3h

Baseline

Apical rotation rate (°s~1)

—65.9 £ 13.9
—81.9+24.2
—-91.2 £30.3

—74.8 +27.0
—77.8+ 135
—84.2+17.8

—133.7 4+ 49.5%T#

—67.0 + 16.2
—66.6 + 8.6
—93.6+34.4

—128.3 + 42.8%*

—751+17.4
—68.9 + 12.1
—88.0 £ 19.2

—121.5 + 56.6"

—57.3+ 16.4
—713+149
—93.0 + 11.5*

—112.3 + 36.3%T

—63.2 £ 15.9
—58.8 £ 14.6
—75.3+£18.9
—86.2 + 29.0

—60.6 £ 14.9
—542+79
—69.7 £ 23.4
—59.2 £ 10.0

Control

Single-leg heating
Two-leg heating

Whole-body heating

Data represented as mean =+ SD. For body mass and thermal sensation, n = 8 participants; for blood parameters, n = 7 participants.

*
t
+

P < 0.05 vs. control.

P < 0.05 vs. single-leg heating.
P < 0.05 vs. two-leg heating.

K. Watanabe and others
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2.5hwere0.17 +0.04 L min~! (61%),0.14 + 0.05 L min !
(64%) and 9.3 & 4.5 L min~! (111%) higher than control
(P < 0.001; Fig. 6). A similar pattern of response was
observed in Pgro,, Perco, and C,o, content which only
changed during whole-body heating (P < 0.004 vs. base-
line at the end of the heating; Fig. 6). However, Cio,
increased during all the heating trials (P < 0.001 vs. base-
line at the end of the heating; Fig. 6), accompanying
reductions in systemic a-v O, difference and oxygen
extraction.

Relationships between circulatory and temperature
responses and systemic and peripheral
haemodynamics

In all trials, close sigmoidal relationships were observed
between the increase in leg blood flow or extracranial
tissues blood flow and the increase in the corresponding
local temperature (leg: R* = 0.979 (non-linear regression),
P < 0.001 (correlation analysis; the same applies
below); extracranial: R> = 0.956 (non-linear regression),
P < 0.001; Fig. 7), whereas the increase in forearm
blood flow was exponentially related to the increase in
local temperature (R*> = 0.926 (non-linear regression),
P < 0.001; Fig. 7). Similar relationships were also
observed between the increase in each regional vascular
conductance and the rise in the corresponding local
temperature (leg: R> = 0.972 (non-linear regression),
P < 0.001; forearm: R*> = 0.903 (linear regression),
P < 0.001; extracranial: R> = 0.717 (linear regression),
P < 0.001). The increase in Q was positively correlated
to increases in limbs and head blood flow (R* = 0.983,
P < 0.001; Fig. 8), vascular conductance (R* = 0.972,
P < 0.001; Fig. 8), mean blood velocity (R* = 0.991,
P < 0.001; Fig. 8) and blood kinetic energy (R*> = 0.803,
P < 0.001; Fig. 8). Positive correlations were also
observed between the increase in Q and elevation in
each regional blood flow (leg: R*> = 0.776, P < 0.001;
forearm: R?> = 0.954, P < 0.001; extracranial: R* = 0.823,
P < 0.001), vascular conductance (leg: R* = 0.754,
P < 0.001; forearm: R*> = 0.963, P < 0.001; extracranial:
R? = 0.860, P < 0.001), blood velocity (leg: R* = 0.782,
P < 0.001; forearm: R*> = 0.988, P < 0.001; head:
R?> = 0.917, P < 0.001) and blood kinetic energy (leg:
R? = 0.168, P = 0.034; forearm: R*> = 0.883, P < 0.001),
with the exception of a negative correlation between the
increase in Q and the decrease in blood kinetic energy in
head (R? = 0.682, P < 0.001).

Discussion

The main findings from the present study are five-fold.
First, single-leg and two-leg hyperthermia induced
elevations in leg and forearm blood flow and significant

© 2024 The Authors. The Journal of Physiology published by John Wiley & Sons Ltd on behalf of The Physiological Society.
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increases in Q and systemic vascular conductance
without altering brain and extracranial blood flow,
LV systolic and diastolic functions, MAP, Vg, or aerobic
metabolism. This suggests that increases in leg tissue
temperature <38°C did not activate central cardio-
respiratory or metabolism-mediated mechanisms.
Second, whole-body hyperthermia, however, further
elevated leg and forearm blood flow, Q and systemic
vascular conductance compared to leg(s) hyperthermia
and increased head (extracranial) blood flow, LV systolic
and diastolic functions, V¢ and VOZ with minimal or no
changes in MAP. Third, the elevated Q with regional and

@ Whole-body heating

O Two-leg heating

A Single-leg heating

O Control
1.4
1.2 1
1.01
0.8
0.64
0.4+

0.2

Leg blood flow
(Lmin™")

00 R2=0.979
28 30 32 34 36 38 40 42
Mean leg temperature (°C)

0.7

g 06
5 —~ 0.5
S
S 'c 044

€ ]
£ i} 0.3
S = 0.2
. 0.1 ‘
- — 4 R?=0.926

0'0-28 30 32 34 36 38 40 42

Arm skin temperature (°C)
1.2
1.01
0.81
0.6
0.4+

0.24
R?=0.956

00 —————————
28 30 32 34 36 38 40 42
Forehead skin temperature (°C)

Extracranial blood flow
(L min™")

Figure 7. Relationships between circulatory and temperature
responses during the control and heating trials

Sigmoidal and exponential models were applied in the relationships
between the leg blood flow or extracranial blood flow and the local
temperature and in the relationship between the forearm blood flow
and the local temperature, respectively. Data are means =+ SD for
eight participants. [Colour figure can be viewed at
wileyonlinelibrary.com]
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systemic hyperthermia was associated with proportional
increases in systemic vascular conductance, related to
elevations in blood flow, vascular conductance, blood
velocity and blood kinetic energy in the limbs and head,
but not in the brain. Fourth, at the cardiac level, the
elevated Q was associated with increased or maintained
SV and an augmented HR. LVEDV was increased,
unchanged or slightly reduced whereas LVESV was
reduced in all heating trials. Elevations in peripheral
(limbs and head) blood flow were primarily due to
increases in blood velocity and accelerated blood supply
to the heart, thereby contributing to the increased,
maintained or slightly reduced LVEDV in spite of the
shortened LV filling time. And lastly, fifth, the circulatory
adjustments to leg and whole-body heating were met by
an enhanced ventriculo-arterial coupling, reflecting over
time reductions in net arterial load in all heating trials
and an increased LV performance only with whole-body
heating. Collectively, these results demonstrate distinct
cardiorespiratory and metabolic responses to leg and
whole-body hyperthermia but close coupling between
limbs and head haemodynamics and Q across a wide
range of hyperthermic conditions. This suggests that
central factors such as alterations in LV function and
pressure propulsion forces related to cardiorespiratory
and metabolic responses are not obligatory for increasing
Q during hyperthermia. Rather, local heat-related
circulatory events selectively augmenting the velocity
and kinetic energy of flowing blood appear to play an
important role in the control of venous return and Q
during hyperthermia.

Factors controlling blood circulation with local and
systemic hyperthermia

The key aim of this study was to establish the relationship
between the peripheral and central haemodynamics
across a wide range of hyperthermic states and gain insight
into the underlying mechanisms. The comprehensive
investigation of the time course of the peripheral and
systemic circulatory, cardiorespiratory and metabolic
responses to prolonged lower limb(s) and whole-body
heating (compared to the appropriate normothermic
control trial) provide new insight into the peripheral
and central thermo-haemodynamic factors controlling
blood circulation during hyperthermia. Of note is the
finding that leg blood flow in all trials was tightly
and proportionally related to the magnitude of increase
in local limb temperature (Fig. 7). Similar positive
relationships were observed in the forearm and in
the head extracranial circulation (Fig. 7) with the
increase in head perfusion only occurring when local
temperature rose in the whole-body heating trial. How
these hyperthermia-induced haemodynamic responses

© 2024 The Authors. The Journal of Physiology published by John Wiley & Sons Ltd on behalf of The Physiological Society.
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may relate to Q will be addressed below using Darcy’s
law of flow (the hydraulic equivalent of Ohm’s law),
the classic cardiac model where Q is determined by
intrinsic (i.e. contractility) and extrinsic (i.e. preload
and afterload) factors and HR, and indices of pressure
propulsion and suction forces generated by the heart. Six
novel observations from the present study underscore the
importance of the periphery in the control of Q during
hyperthermia.

First, the Q response to single-leg, two-leg and
whole-body hyperthermia (up to +2.1, +3.4 and
+7.3 L min~! vs. control, respectively) was proportional
to the increase in systemic as well as regional vascular
conductance, as arterial pressure remained unchanged or
was only transiently reduced across conditions. The classic
cardiocentric postulate is that the heart is the primary
organ generating the mechanical energy (pressure energy)
to distribute systemic blood flow to organs and tissues

@ \Whole-body heating
O Two-leg heating
A Single-leg heating

J Physiol 602.10

(Rowell, 1993; Secomb, 2016). This view has been termed
the pressure-propulsion model (Furst, 2020; Furst &
Gonzalez-Alonso, 2024), and is exemplified by the close
temporal relationship between the blood pressure and
flow waves in the aorta (Khir & Parker, 2005; Mynard
et al., 2018; Parker & Jones, 1990) and the conduit
arteries (Nichols et al,, 2022). The observation that
arterial, central venous and femoral venous pressures are
maintained or only slightly altered (e.g. Crandall et al,,
2008; Pearson et al., 2011; Rowell et al., 1969), however,
indicates that the pressure propulsion forces remain
essentially unchanged with increasing levels of passive
hyperthermia. In support of this, a recent study found
that the wave intensity-derived forward compression
wave — which is generated during ventricular contraction
and travels from the left ventricle to the peripheral
vessels — remained unaffected by hyperthermia in the
common femoral arteries of the heated and control legs

O Control
161 Brain Limbs and head 161 Brain Limbs and 161 Brain Limbs and head
_ 145 141 head 14
3 121 121 12
3. 10 10- 101
o £
8 E g 81
24
@© 6 4 6 6 -
O
4 4 4,
2 2 =0.983 5 2 R?=0.972
0 1 2 3 4 5 6 0 10 20 30 40 50 0 10 20 30 40 50 60
Blood flow Blood velocity Vascular conductance
(L min‘1) (cm s'1) (mL min”’ mmHg_1)
. 16- =
18 Brain 6 Limbs and head 16
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© .
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Blood kinetic energy
(mJ beat™")

Blood kinetic energy
(mJ beat ")

Systemic vascular conductance
(mL min ™" mmHg_1)

Figure 8. Relationships between systemic and peripheral haemodynamics during the control and

heating trials

Limbs and head blood flow are total of bilateral flow in the common femoral, brachial, and common carotid
arteries. Limbs and head vascular conductance were calculated in the same manner. Limbs and head blood velocity
and kinetic energy are average blood velocity and kinetic energy of the common femoral, brachial, and common
carotid arteries, respectively. Brain (anterior cerebral) blood flow and conductance are doubled values of blood
flow in the internal carotid artery and the calculated conductance. Data are means =+ SD for eight participants.
Lines are linear regression lines. [Colour figure can be viewed at wileyonlinelibrary.com]
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during 3 h of unilateral leg heating, even though Q
increased and limb blood flow differed by several-fold
during the heating intervention (Koch Esteves et al,
2021). It therefore appears that alterations in the pressure
propulsion force generated by the heart do not explain
the rise in peripheral and systemic blood flow during
hyperthermia.

Second, single-leg and two-leg heating induced
elevations in leg blood flow and significant increases in Q
and systemic vascular conductance without altering LV
systolic and diastolic functions, ventilation, or systemic
aerobic metabolism. According to the conventional
cardiac model (Rowell, 1993), changes in intrinsic cardiac
contractility and suction force affect Q by altering LV
volumes and pressure gradients. In this light, enhanced
LV systolic and diastolic functions - as represented by
increased systolic LV twist and diastolic LV untwisting
rate, and an enhanced LV early diastolic intraventricular
pressure gradients (indicative of LV sucking force) -
could lead to more efficient ejection and filling (Beyar &
Sideman, 1984; Notomi et al., 2006; Rovner et al., 2003;
Yotti et al., 2005). It has also been demonstrated that deep
breathing increases blood velocity in the venae cavae
(Wexler et al., 1968), which is thought to facilitate cardiac
filling and Q via an increased intrathoracic pressure
gradient (i.e. the respiratory pump) (Anholm et al,
1987). Lastly, metabolism-related mechanisms could
impact Q as indicated by the tight coupling between
increases in limb and systemic blood flow and oxygen
utilisation during exercise (~5—6 L min~! per litre Vj,,
e.g. Gonzalez-Alonso et al., 2008; Mortensen et al., 2008).
However, the significant increases in limb blood flow
and Q during single- and two-leg hyperthermia (up to
+1.2 and +3.4 L min~}, respectively) when LV function,
diastolic suction force, ventilation and V), did not change,
indicate that factors related to augmented myocardial
function, hyperventilation and aerobic metabolism are
not obligatory for the hyperthermia-induced increase in
peripheral and systemic blood flow.

Third, anterior cerebral blood flow remained constant
in the face of the large increase in Q, which is in agreement
with three human studies showing an unchanged anterior
and total cerebral blood flow during graded whole-body
hyperthermia (Bain et al., 2020; Gibbons et al., 2020,
2021), but is in contrast to the findings from two studies
reporting reductions in anterior and total cerebral blood
flow (Gibbons et al., 2021; Ogoh et al.,, 2013). Although
splanchnic and renal blood flow were not measured, there
is strong evidence that whole-body hyperthermia reduces
perfusion in visceral organs (Minson et al., 1998; Rowell
et al., 1970, 1971). Moreover, recent studies from our
laboratory reveal that blood flow during segmental-leg
hyperthermia only increases in the major conduit arteries
(i.e. common, superficial and profunda femoral arteries
and popliteal artery) and microcirculation perfusing the

Human circulatory control during hyperthermia 2243

heated tissues (Koch Esteves et al., 2021; 2024). This
agrees with the present observation that blood flow
in the common and external carotid arteries increased
noticeably during whole-body heating, but not in the
internal carotid artery despite the proximity of the
measurement sites (~2 cm). Together, this divergent
circulatory response in the visceral organs and brain
compared to the lower and upper extremities and in the
heated and non-heated lower limb segments implies that
the mechanisms regulating peripheral blood flow are not
uniform among bodily sites, thus raising doubts over the
general assumption that alterations in Q determine the
distribution of peripheral blood flow. If this assumption
were correct, perfusion in all peripheral sites would
increase when Q is elevated.

Fourth, the increased or maintained SV in all the hyper-
thermic conditions was accompanied by a linear increase
in HR closely related to the rise in core temperature
(27 beats min~! per 1°C). Should HR have been kept
constant at baseline levels (~50 beats min~'), SV and
LVEDV would have had to increase to ~240 mL and
~280 mL to account for the ~12 L min~! Q during
whole-body hyperthermia. The limited filling capacity
of the human myocardium might appear to support
the prevailing theory that core hyperthermia-mediated
elevations in HR is the exclusive factor increasing Q.
Notwithstanding, the classic study of Knowlton & Starling
(1912) demonstrated in the isolated mammalian heart
that the rise in blood temperature increases HR but
does not alter Q because of the proportional reduction
in SV. This agrees with human studies showing that
raising HR through cardiac pacing reduces SV, resulting
in the unchanged Q and peripheral blood flow at rest
and during exercise (Bada et al., 2012; Munch et al,
2014; Parker et al., 1971; Ross et al., 1965; Stein et al.,
1966). Hence, an independent tachycardic response elicits
shortenings of cardiac filling and ejection times which
limit the ventricular filling and emptying, and thus
reduce SV. This scenario contrasts with the presently
observed increased or maintained LVEDV and reductions
in LVESV in most or all of the hyperthermic conditions,
which made it possible for SV to be elevated or maintained
in the face of considerably shorter ventricular filling and
ejection times (up to two-thirds and one-half, respectively;
Fig. 3). Factors increasing venous flow to the heart
are therefore crucial to augment Q in conjunction with
hyperthermia-induced tachycardia.

Fifth, estimates of venous beat volume in the limbs
and head were enhanced by 30—60% in all hyperthermic
conditions compared to control whereas similar estimates
across the brain substantively decreased, especially during
whole-body heating. The prospect of an enhanced net
venous return and preserved cardiac filling in conditions
of tachycardia is consistent with a study in anesthetised
mice demonstrating an increase in cross-sectional area

© 2024 The Authors. The Journal of Physiology published by John Wiley & Sons Ltd on behalf of The Physiological Society.
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of inferior vena cava with hyperthermia (Crouch et al,,
2018). Yet, some, but not all, human studies report that
whole-body hyperthermia reduces indexes of cardiac pre-
load such as right atrial pressure, central venous pressure
and central blood volume (Crandall et al., 2008; Minson
et al., 1998; Rowell et al., 1969). This is a phenomenon
generally attributed to the shift of the blood volume
from central to peripheral tissues and organs, possibly
accentuated by the loss in circulating blood volume
caused by the reduction in plasma volume as pre-
sently observed. Our direct LV volume data, however,
revealed that cardiac preload was elevated or maintained
in all hyperthermic conditions, implying appropriate
blood volume mobilisation, venous return and cardiac
filling, even in the face of diminished central venous
pressure and/or blood volume during severe whole-body
hyperthermia. This agrees with the observations that SV,
Q and limb blood flow are maintained at rest and during
exercise after withdrawal of 20% (~1.3 L) of blood volume
(Gonzalez-Alonso et al., 2006), which is much greater than
the blood (plasma) volume losses seen in this study with
severe whole-body hyperthermia.

And sixth, ventriculo-arterial coupling was enhanced
in all heating trials owing to a reduced effective arterial
elastance indicative of diminished net arterial load.
Ventriculo-arterial coupling reflects the efficiency of
energy transfer from the LV to the systemic circulation
and is defined as the ratio of LV end-systolic elastance
(an integrated measure of LV systolic performance) and
effective arterial elastance (an index of the net arterial load
imposed on the LV) (Hayashi et al., 2000; Starling, 1993).
The interaction between the ventricle and arterial system
could be altered by physiological stress. For example,
ventriculo-arterial coupling has been shown to increase
during exercise in humans, due to an augmented LV
end-systolic elastance and a decrease or a small increase
in effective arterial elastance (Asanoi et al., 1992; Chantler,
Melenovsky et al., 2008; Najjar et al., 2004). During hyper-
thermia, however, changes in LV systolic performance
seem to have a lesser effect on the ventriculo-arterial
coupling because we found that LV end-systolic elastance
only increased with whole-body hyperthermia. Of note,
a study in isolated canine ventricles has demonstrated
that effective arterial elastance — which is based on the
three-element Windkessel model integrating the effects of
peripheral vascular resistance, compliance, characteristic
impedance and time of cardiac cycle - is largely dependent
on the component of arterial resistance (or its inverse,
arterial vascular conductance), which can have a major
impact on SV (Sunagawa et al., 1983). In this light,
increases in regional (leg, arm and head) as well as
systemic vascular conductance were observed alongside
the decreased net arterial load and enhanced LV ejection
fraction. It therefore seems that peripheral mechanisms
increasing ventriculo-arterial coupling and venous flow
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to the heart had a positive effect on LV ejection and
Q during hyperthermia, with central factors including
function of the heart and activities of respiratory and
metabolic systems only playing an adjuvant role during
whole-body hyperthermia (Fig. 9).

Thermosensitive mechanisms increasing blood
circulation

In this study, arterial pressure declined only slightly and
transiently during hyperthermia as previously discussed,
and since the resting supine position was maintained
throughout all the experimental protocols, it is likely that
pressure and potential energies of flowing blood remained
essentially unchanged. An important novel finding of this
study is the significant increases in blood kinetic energy
in the limbs and head in all hyperthermic conditions, but
the opposite in the brain. The kinetic energy of flowing
blood is estimated as % pWW? (p: density; V: volume; v:
velocity). In the present passive heating conditions, blood
density (i.e. p) was unlikely to be altered considerably,
whereas substantive increases in blood velocity in the
limbs and head were observed during hyperthermia
(Fig. 3). Although limbs and head beat volume (i.e. V)
increased significantly, the kinetic energy is proportional
to the square of velocity and increases in the square of
the limbs and head blood velocity expressed per beat
(v*; up to +2.8-fold vs. control) were more pronounced
than the rise in the V (up to +1.7-fold vs. control).
The augmented blood velocity therefore largely explains
the elevation in the kinetic energy of the flowing blood
with hyperthermia. On entering the ventricles, blood
velocity and hence kinetic energy fall virtually to zero
(Wiggers, 1923). A kinetic energy gradient between the
central veins and the ventricles therefore exists, which aids
ventricular filling. The momentum of the returning blood
from the periphery contributes to ventricular expansion
and thus plays a role in the coupling of peripheral and
central circulation. This interpretation is consistent with
the observation in a recent human study showing that the
increases in forearm blood flow and Q during arm heating
were prevented through partial arm blood flow restriction
(van Mil et al., 2016), in line with the classic notion that the
heart can only eject the blood it receives (Krogh, 1912a,b;
Patterson & Starling, 1914). These findings suggest that
the selective heat-induced acceleration in blood velocity
is an important factor increasing blood kinetic energy and
venous flow to the heart.

The presently observed positive relationships between
blood flow and local temperature in the limbs and
extracranial circulation raises the question of whether heat
energy increases blood velocity and kinetic energy of the
flowing blood indirectly by inducing vasodilatation and
reductions in blood viscosity or directly via immediate
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energy conversion. The unchanged or relatively small
increase in conduit artery diameter, despite a sub-
stantial increase in the peripheral vascular conductance,
suggests that the vasodilatation might have predominantly
occurred in the downstream microvessels (e.g. small
arteries and resistance arterioles). This idea is supported
by previous findings of increased leg tissue oxygenation,
indicative of an accelerated microcirculatory blood flow,

Hyperthermia
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Filling
% time

LMHR X A~SV

~AVO, = ~'VE x ~(0.21-F£0,)

41 Blood velocity
(Kinetic energy: %2 pV/v2)

Arterial & /

venous ~¢Diasto|ic -~ Systolic
blood flow

N/ /

(— A EDV - V/ESV

Human circulatory control during hyperthermia 2245

in association with elevated leg blood flow and vascular
conductance during leg hyperthermia (Koch Esteves et al.,
2021, 2023, 2024; Pearson et al., 2011). Considering that
close associations exist between rise in temperature and
erythrocyte-derived ATP release (Etulain et al, 2011;
Kalsi & Gonzalez-Alonso, 2012; Kalsi et al., 2017), and
between increases in plasma ATP and limb blood flow
(Gonzélez-Alonso et al., 2015; Kalsi & Gonzalez-Alonso,

. Vasodilation?
“ W, Blood viscosity? i
i (Conductance: nr*/8nL)

function function
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1 VA coupling <«
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Figure 9. Schematic illustration of the impact of two-leg and whole-body hyperthermia on the
circulatory system according to Darcy’s law of flow (the hydraulic equivalent of Ohm’s law) and Fick

principle

Darcy’s law (the hydraulic equivalent of Ohm’s law) applied to the systemic circulation states that systemic flow (Q)
equals mean arterial pressure (MAP; assumed as perfusion pressure) times systemic vascular conductance (SVC).
The Fick principle in turn states that oxygen consumption (Voz) equals Q times the arterial-venous oxygen content
difference (a-v O, diff.). On the other hand, Vo, is the product of pulmonary ventilation (V) times the difference
between inspiratory (0.21) and expiratory oxygen (feo,) fractions. The responses after 2.5 h of the two-leg and
whole-body heating interventions are compared. Two-leg hyperthermia (blue arrows) evoked elevations in leg
and forearm blood flow and a significant increase in Q and SVC; however, brain and extracranial blood flow, LV
systolic and diastolic functions, V¢, Fet0,. FETCo, . Voz, Vc02 and MAP remained unchanged. In contrast, whole-body
hyperthermia (red arrows) further elevated leg and forearm blood flow, Q and SVC and enhanced LV systolic and
diastolic functions, head (extracranial) blood flow, V&, Ao, . Perco, . Vo, and Vco, without changing MAP or brain
blood flow. Systemic Vo, was augmented in the face of a large reduction in a-v O, diff. At the systemic level, the
elevated Q with leg and whole-body hyperthermia was associated with proportional increases in SVC, related to
elevations in blood flow, vascular conductance, blood velocity and blood kinetic energy in the limbs and head, but
not in the brain. At the cardiac level, the enhanced Q was associated with an increased or maintained stroke volume
(SV) and an augmented heart rate (HR). At the left ventricle (LV) level, LV end-diastolic volume (EDV) was increased,
unchanged, or slightly reduced. This was accompanied by reduced LV end-systolic volume (ESV) and enhanced LV
systolic function. Elevations in peripheral (limbs and head) blood flow primarily due to increases in blood velocity,
accelerated blood velocity to the heart, thereby contributing to the increased or largely maintained EDV response
despite the markedly shortened LV filling time. The circulatory adjustments to leg and whole-body heating were
met by an enhanced ventriculo-arterial (VA) coupling, reflecting over time reductions in net arterial load in all
heating trials and an increased LV performance only with whole-body heating. The distinct cardiorespiratory and
metabolic responses to leg and whole-body hyperthermia but close thermo-haemodynamic coupling between
periphery and Q imply that local circulatory events altering the velocity and kinetic energy of the flowing blood
influence the output of the heart during hyperthermia. [Colour figure can be viewed at wileyonlinelibrary.com]
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2012; Kalsi et al., 2017; Pearson et al., 2011), it seems likely
that red cell signalling-transduction mechanisms might
be involved in the vasodilatory response in the micro-
circulation. In addition to this, other biochemical signals
released from the vascular endothelial cells such as nitric
oxide (Kellogg et al., 1999; Minson et al., 2001) might also
contribute to downstream vasodilation.

A different or complementary explanation is that
alterations in blood’s rheological properties are involved
in the hyperthermia-induced increase in blood velocity
and flow. This concept is in line with the findings from
previous studies demonstrating that elevations in blood
temperature are strongly associated with rises in red
cell deformability and dispersion (Cinar et al., 2001;
Manteuffel-Szoege, 1960, 1969; Pinho et al.,, 2016) and
reductions in blood viscosity and frictional resistance
(Snyder, 1971; Cinar et al.,, 2001; Lim et al., 2010; Shin
et al., 2004), although an increased blood viscosity has
also been reported with acute whole-body hyperthermia
in humans (Gibbons et al., 2020). Notably, an elegant study
in the 3-day-old chick embryo model showed that when
the heart was stopped, blood continued to flow, albeit at
a lower velocity (Li & Pollack, 2023). Moreover, when
infrared radiation was introduced, the post mortem blood
velocity increased ~3.7-fold whereas blood slowed down
when the infrared radiation was removed. The study also
revealed that, on an intact chick embryo, blood failed to
flow when the heat source that maintained a physiological
body temperature was taken away. A heat-dependent,
vessel-based flow-driving mechanism could therefore
operate in the circulatory system (Li & Pollack, 2023;
Manteuffel-Szoege, 1960, 1969), working in synergy with
the heart and the neurohumoral systems to increase flow
and maintain the arterio-venous pressure gradients as
generally observed in the present passive hyperthermia
conditions. The observations in ex vivo pressurised
preparations of small resistance arteries showing that
temperature- and pharmacologically induced alterations
in vascular tone can evoke substantial changes in blood
flow in the absence of a heart are compatible with this
notion (Duling & Berne, 1970; Ellsworth et al., 1995; Jones
& Berne, 1964). These findings collectively support that
local hyperthermia increases peripheral blood flow and
vascular conductance selectively in the heated regions at
least in part through the thermosensitive mechanisms
inducing increases in blood velocity and kinetic energy
of the flowing blood (Fig. 9). Whether this is mediated
via microvessel vasodilatation, alterations in the blood’s
rheological properties and/or a direct effect of heat on
blood kinetic energy awaits future investigation.

Limitations and methodological considerations

This study assessed the impact of prolonged hyper-
thermia on regional (leg, arm and head) vascular, cardio-
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respiratory and metabolic responses across various hyper-
thermic conditions to gain insight into the control of the
human circulation. We estimated the volume of blood
passing through the peripheral (i.e. limbs and head) veins
during each cardiac cycle (beat volume; in mL) as an
index of venous return in the same manner as previous
studies (Elstad et al., 2009; Trangmar & Gonzalez-Alonso,
2017; Watanabe et al., 2020) based on an assumption
that the rate of arterial inflow and venous outflow are
the same during steady-state conditions. We did not
measure cardiac function in the right side of the heart
or pulmonary circulation; however, studies assessing both
the right and left ventricular function and pulmonary
haemodynamics show reciprocal functional changes to
hyperthermic and/or exercise stress (Banks et al., 2010;
Oxborough et al., 2011; Wilson et al., 2007). In this light,
LVEDV tended to be lower during severe whole-body
hyperthermia in the present study, similarly to right-sided
preload as indexed by right atrial pressure and central
venous pressure (Crandall et al., 2008; Minson et al,
1998; Rowell et al., 1969). In contrast, we found that
cardiac preload evaluated by LVEDV was maintained or
increased at any data points of leg(s) hyperthermia and
mild to moderate (in the early and middle phase of)
whole-body hyperthermia despite a markedly shortened
LV filling time. Moreover, our peripheral beat volume
data, which can reflect a dynamic property of venous
return, imply that hyperthermia enhances venous blood
mobilisation even in the condition of low cardiac pre-
load on a pressure or volume basis (i.e. severe whole-body
hyperthermia). Hence, although direct measurements of
function of the right heart, pulmonary blood flow, or
venous flow to the heart were not obtained in our study,
the present data of LVEDV in relation to LV filling
time derived using echocardiography strongly support
our interpretation of the venous flow response during
hyperthermia and our conclusion therefore remains
intact. Lastly, we performed correlation analysis to gain
insight into the interrelationship between the peripheral
circulation and Q, but these results do not demonstrate
causality. In addition, the present study was conducted
only on male participants. Future studies need to be
conducted to conclusively establish whether there is
a cause-and-effect relationship between the peripheral
circulation and Q, and to identify whether similar findings
are observed in females and whether the phase of the
menstrual cycle alters these responses.

Perspectives and significance

This study demonstrated profound and sustained
increases in peripheral and central haemodynamics
during the 2.5—3 h hyperthermia interventions. These
haemodynamic responses are widely known to be strong
stimuli for improving vascular health, and thus thermal
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therapies (e.g. hot water baths, hot sand immersion or
sauna) are recommended for patients with cardiovascular
diseases, including chronic heart failure and peripheral
artery disease (Brunt et al, 2016; Imamura et al., 2001;
Kihara et al., 2002; Miyata & Tei, 2010; Shinsato et al.,
2010). The applicability of these whole-body interventions
to treat patients could, however, be limited by the fact that
high elevations in core temperature are associated with
systemic physiological strain and thermal discomfort.
Notably, the present study revealed that the two-leg
heating intervention can evoke sustained increases in
lower limbs (+1.2 L min~' assuming that the flows in
both sides are same) and systemic (+3.4 L min~') blood
flow and reductions in net arterial load with a relatively
small elevation in core temperature (4+0.4°C compared to
baseline), but without inducing thermal discomfort
or stimulating a hyperventilatory response. These
observations collectively support that prolonged lower
limb heating could be an easily applicable and potentially
effective intervention to improve cardiovascular health in
individuals with low functional capacity.

Conclusions

The present findings demonstrate that the proportional
increases in peripheral and central circulation with
regional and systemic hyperthermia happen in the face of
no changes in centrally generated pressure propulsion and
suction forces, and no or minor changes in LV function
and respiratory and metabolic activities. This suggests that
these central factors and forces do not play an obligatory
role in the increase in Q during passive hyperthermia.
Instead, the increases in Q were closely related to the
local heat-related rise in the velocity and kinetic energy
of flowing blood in the limbs and head. Taken together,
our findings highlight the importance of peripheral
mechanisms in the control of the human blood circulation
during hyperthermia, which have implications for the
use of isolated and whole-body heat therapy to improve
cardiovascular health in people with reduced functional
capacity including those with circulatory diseases.
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