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Abstract
Study design Experimental study.
Objectives Compromised cerebrovascular function likely contributes to elevated neurological risk in spinal cord injury
(SCI). Passive heating offers many cardiovascular and neurological health benefits; therefore, we aimed to determine the
effects of an acute bout of heating on cerebrovascular function in chronic SCI.
Methods Persons with cervical SCI (n= 15) and uninjured controls (CON; n= 15) completed 60min of lower limb hot water
immersion (40 °C). Assessments of middle cerebral (MCA) and posterior cerebral artery (PCA) velocities, pulsatilities, and
neurovascular coupling (NVC) were performed using transcranial Doppler ultrasound. Duplex ultrasonography was used to
index cerebral blood flow via the internal carotid artery (ICA), and carotid-femoral pulse-wave velocity (PWV) was measured
using tonometry. The NVC response was quantified as the peak hyperemic value during 30-s cycles of visual stimulation.
Results Mean arterial pressure changed differentially with heating [mean (standard deviation); SCI: +6(14) mmHg, CON:
−8(12) mmHg; P= 0.01]. There were no differences in any intracranial artery measures (all P > 0.05), except for small
(~10%) increases in MCA conductance in CON after heating vs. SCI (interaction P= 0.006). Resting ICA flow was greater
in SCI vs. CON (P= 0.03) but did not change with heating in either group (interaction P= 0.34). There were also no
between-group differences in the NVC response (ΔPCA conductance) pre- [SCI: 29(19)% vs. CON: 30(9)%] or post-heating
[SCI 30(9)% vs. 25(9)%; interaction P= 0.22].
Conclusions Mild acute heating does not impair or improve cerebrovascular function in SCI or CON. Thus, further study of
the effects of chronic heating interventions are warranted.

Introduction

Cerebrovascular diseases and the risk of stroke are 3–4 fold
higher in individuals living with a spinal cord injury (SCI)
compared to their uninjured counterparts [1]. The loss of
supraspinal control of autonomic function following SCI
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results in profound blood pressure lability, thereby leading
to uncontrolled periods of cerebral hypoperfusion during
orthostatic hypotension and hyperperfusion during bouts of
autonomic dysreflexia [2, 3]. Both hypo- and hyperperfu-
sion of the brain are associated with cognitive decline and
vascular damage [4, 5]. Neurovascular coupling (NVC),
which matches cerebral blood flow (CBF) to neural activity,
is also reportedly impaired in SCI [6] and in some neuro-
logical diseases (e.g., stroke, Alzheimer’s) [7]. Although
low resting blood pressure is likely a primary cause of
reduced cerebrovascular function in SCI [6, 8], impaired
endothelial function, hyposensitivity to vasoconstriction,
and profibrotic remodelling might also be contributing
factors [9].

Given the reduced physical activity levels following SCI
[10], identifying alternative strategies that can be used as an
adjunct therapy to help offset elevated cerebrovascular risk
are essential. To the best of our knowledge, no studies of
cerebrovascular function during hyperthermia have been
published in SCI; yet, many of the risk factors associated
with cerebrovascular diseases have reportedly been
improved using passive heat therapy in uninjured popula-
tions. For example, both acute [11] and chronic heating
protocols [12] improve arterial stiffness and endothelial
function in healthy young and old participants, as well as in
peripheral artery disease [13]. Additionally, passive heating
causes an acute cytokine response and increases plasma
nitrite in overweight men [14]. This cytokine response also
occurs acutely in SCI despite attenuated adrenergic activa-
tion; [15] however, the effects of heating on nitric oxide
bioavailability in SCI are unknown.

The increases in core temperature from the aforemen-
tioned studies ranged from 0.4–1.8 °C. Importantly, Bailey
et al [16]. demonstrated that eight weeks of repeated lower
body hot water immersion (+0.6 °C core temperature,
30 min three times per week) were able to increase resting
cerebrovascular conductance of the middle cerebral artery
(MCA) and attenuate acute hypoperfusion from
hyperthermia-induced hypocapnia. Thus, moderate increa-
ses in core temperature in the range of ~0.5–0.6 °C induced
by practical methods of immersing the lower limbs in hot
water baths have been reported to benefit systemic and
cerebral vascular function. Several neurological benefits
have recently been reported from chronic heat exposures.
The incidence of dementia and Alzheimer’s disease and the
risk of stroke was observed to be lower in middle-aged men
and women who more frequently participated in sauna
bathing [17, 18]. As such, passive heat stress may be a
useful strategy to improve cerebrovascular function, parti-
cularly for those with SCI who experience greater barriers
to physical activity. However, the cerebrovascular and
ventilatory responses to heat stress in SCI are unknown and
acute increases in core temperature > 0.5 °C often result in

decreased CBF due to hyperventilation-induced hypocapnia
in uninjured individuals [19]. Therefore, the aim of
this study was to determine the CBF and NVC responses
following an acute bout of lower limb heating in SCI
participants, with data from uninjured controls (CON) as a
comparator. It was hypothesized that heat stress
would decrease CBF and NVC due to hypocapnia from heat
stress.

Methods

Ethical approval of this study was provided by the ethics
board at the School of Medicine, University of Split,
Croatia. Fifteen individuals (5 females) with chronic (i.e.,
>2 years) cervical (C3-C7, ASIA A-C) SCI [mean (standard
deviation); age: 42 (12) years; BMI: 22 (3)] and 15 age and
sex-matched uninjured control participants [CON; age: 42
(11) years; BMI: 25 (3)] completed this protocol. All par-
ticipants signed informed consent prior to data collection
and all procedures conformed to the Declaration of Hel-
sinki. This study shares participants and some data (e.g.,
core temperature, heart rate, MAP, and baseline NVC) with
other manuscripts [20, 21]; however, the hypotheses and
cerebrovascular outcomes related to heat stress are unique
to the current study.

The protocol comprised 60 min of lower limb hot water
immersion (40 °C) up to the knees with blankets covering
the upper body. Baseline measures were performed with the
legs immersed in thermoneutral water (33 °C) immediately
prior to beginning heating. At the end of heating, the legs
were removed from the water bath and CBF was recorded
immediately with concurrent measures of end-tidal partial
pressure of carbon dioxide (PETCO2). These measurements
were followed by NVC and PWV ~5 and 15 min after
heating, respectively. All post-heating measures were col-
lected while core temperature remained elevated and the
entire protocol was performed in the supine position. Core
temperature (Tcore) was monitored with a telemetric pill
(HQInc, Palmetto, FL, USA), heart rate was continuously
monitored using a lead II ECG, PETCO2 was measured with
a commercial gas analyzer, and arterial blood pressure was
measured using finger photoplethysmography and verified
every 15 min with an automated blood pressure cuff.
Venous blood samples were processed using a hematology
analyzer (AcT8 Hematology Analyzer, Beckman Coulter,
Brea, CA, USA). Primary outcomes of CBF, PWV, and
NVC were measured during supine rest (>15 min) prior to
heating and within 10–15 min after the end of heating, with
no measures collected during heating to facilitate participant
comfort.

Transcranial Doppler ultrasound (Spencer Technologies,
Redmond, WA, USA) was used to simultaneously measure
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the right middle cerebral artery (MCAv) and the left pos-
terior cerebral artery (PCAv) velocities through acoustic
windows located in the temporal region. The NVC response
was quantified as the peak hyperemic value in the PCA
during 30-s cycles of visual stimulation (i.e., eyes closed/
eyes tracking a moving finger) over a 5-min period to evoke
functional changes in cerebral perfusion. Cerebral artery
pulsatility index (PI) was estimated in the MCA and PCA
(e.g., [systolic MCAv—diastolic MCAv]/mean MCAv).
Internal carotid artery (ICA) blood flow was measured using
duplex ultrasound to provide an index of CBF. Blood flow
was calculated from the 1-min screen-capture recordings as
(peak envelope blood velocity/2) * (π (0.5*diameter2) and
analyzed using offline automated edge-detection software
[22]. Cerebral vascular conductance (CVC) was determined
for MCAv, PCAv, and ICA flow by dividing values by
mean arterial pressure (MAP). Carotid-femoral PWV (80%
of distance between sites) was measured using a pulse
wave tonometer (SPT-301, Millar, Houston, TX, USA) to
estimate aortic stiffness, according to international guide-
lines [23]. Data were analyzed using two-way mixed
ANOVAs and are presented as means and standard
deviation (SD).

Results

All cardiovascular and cerebrovascular data are presented in
Table 1. Due to inadequate ultrasound image quality (e.g.,
automatic edge detection software could not properly track
vessel walls or MCA/PCA recording did not display typical
pulse wave), analyses were not performed on a small
number of participants for some measures where indicated.
Resting Tcore was 37.10 (0.26)°C in CON and 36.37
(0.62)°C in SCI. The increase in Tcore was two-fold greater
in SCI compared to the change in CON [+0.68 (0.17) vs.
+0.34 (0.17)°C; P < 0.01]. There were no group-by-
intervention interactions for any of the intracranial mea-
sures of MCAv, PCAv, PCACVC, MCAPI, or PCAPI (n= 14
SCI, n= 13 CON; all P > 0.05). However, MCACVC

decreased by 10% in SCI and increased by 12% in CON (P
< 0.01), reflecting divergent responses of MAP [SCI: +6
(14) mmHg, CON: -8(12) mmHg; P= 0.01]. Although the
ICA diameter, flow, and ICACVC (n= 8 SCI, n= 9 CON)
were all greater in SCI vs. CON (18%, 33%, and 31%,
respectively; all P < 0.05), there were no group-by-
intervention interactions (all P > 0.05). There was no
group-by-intervention interaction for carotid-femoral PWV
(P= 0.76), which may be consistent with recent studies of
participants with tetraplegia [24]. Peak PCACVC during
visual stimulation also did not present a group-by-time
interaction (n= 13 SCI, n= 10 CON; interaction P= 0.22).
The pre-heating PCA NVC response was 28.9 (9.0) vs. 29.8Ta
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(8.8)% in SCI and CON, respectively, and remained
unchanged after heating at 29.7 (8.6) vs. 25.2 (8.8)% in SCI
and CON, respectively (Fig. 1). Hemoglobin and hematocrit
did not change with heating (P > 0.05), but there tended to
be a main effect of time on white blood cell and platelet
counts after heating (P < 0.01 and P= 0.08, respectively;
Table 1).

Discussion

This study examined the cerebrovascular responses fol-
lowing acute heat stress in individuals with chronic SCI.
The primary outcomes of this study were that CBF and
NVC were maintained during increases in Tcore in SCI.
Although it is established that CBF declines with heat stress
as a result of hyperthermia-induced hypocapnia and con-
sequent cerebral vasoconstriction (reviewed in Bain et al
[25].), we did not observe this response. This is likely
because hyperventilation occurs during heat stress with a
change in Tcore > 0.5 °C [19] and the SCI group in this
study was only moderately above this threshold and the
CON group was below it. Moreover, PETCO2 decreased
(main effect of time P= 0.06) by only 2 mmHg in both
groups (Table 1), whereas slightly larger decreases might be
required to reduce CBF [19]. These results suggest that
individuals with SCI may have a lower ventilatory sensi-
tivity (i.e., hyperventilatory response) to heat stress con-
sidering the similar decreases in PETCO2 with differing
Tcore responses compared to CON. Indeed, PETCO2 is
inversely proportional to alveolar ventilation assuming a
constant VCO2, which is the case < 1.0 °C increase in Tcore

[19]. Yet, these results nonetheless demonstrate the safety
and potential application of lower limb heating as a therapy
in SCI. Caution should be applied, however, when exposing
individuals with SCI to greater degrees of heat stress given
the blunted sweating and cutaneous vasodilation responses
below the level of injury, particularly in high level (i.e.,
tetraplegic) injuries [26]. Individuals with SCI will store
heat at a greater rate during external heating compared to
CON (as observed in the current study) because of their
smaller body mass, which also likely explains in large part
their lower resting Tcore due to lower basal metabolic rate
[27]. Nevertheless, the use of the lower limb heating pro-
tocol (compared to whole-body heating) permitted high
tolerance in SCI participants to mild-moderate increases in
Tcore, and no adverse events occurred including any bouts
of autonomic dysreflexia.

In contrast to some other studies of acute heat stress in
uninjured participants, we observed smaller changes in
MAP and no effect of heating on carotid-femoral PWV,
which might be explained by the relatively mild changes in
Tcore in this study. For example, 30 min of hot water
immersion (up to the sternum) [13] induced reductions
in MAP of up to 20 mmHg and reductions of PWV of
~1.0 m/s in uninjured populations. However, we observed
increases in MAP similar to that reported by Shibasaki et al
[28]. in participants with tetraplegia compared to both
uninjured and individuals with paraplegia, although this
response remains unexplained. It is noteworthy that in the
study reporting reduced MAP and PWV, Tcore increased
by ~2.0 °C [13]. Such extreme increases in Tcore highlight
the acute benefits of passive heating on the cardiovascular
system, but this magnitude of heating may not be necessary

Fig. 1 Average response of the
posterior cerebral artery (PCA)
during 30-s periods of visual
stimulation before and after
heating. The top panels
represent the average relative
change in PCAv from a closed
eyes baseline and the bottom
panels represent the average
absolute response. Data are
presented as mean (SD) with
values corrected for
cerebrovascular
conductance (CVC)
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to induce chronic positive adaptations. Indeed, Bailey et al
[16]. demonstrated that after eight weeks of repeated hot
water immersion, with increases in Tcore ~0.6 °C, MCAv
was increased in uninjured young women. Moreover, it was
recently reported that molecular responses to eight weeks of
heat therapy (e.g., increased heat shock proteins) reduced
inflammation and reactive oxygen species production dur-
ing hypoxia-reoxygenation [29]. These data indicate
potentially promising results for endothelial cell protection
during ischemia-reperfusion in vivo and could be relevant
for cerebral protection following strokes; yet, the translation
to human cerebral endothelial function in vivo has yet to be
determined. Together, the indirect benefits to cardiovascular
risk factors and direct effects of heat on the brain (e.g., Q10

effect, regionally increased metabolism [30], etc.) make
passive heating a promising intervention for cerebral vas-
cular health in SCI.

Limitations: Compared to previous reports [6, 21], it is
currently unclear why we did not observe lower NVC
responses in the SCI group compared to CON at baseline.
The supine position used throughout our protocol and
similar blood pressures between groups [6] is likely the
major factor since normalization of blood pressure in SCI
while sitting has previously been shown to also normalize
NVC [6]. The lower statistical power of the ANOVA used
in this current study could also explain the difference in
baseline NVC between this study and other cross sectional
studies [21], as well as the absence of changes in primary
outcomes of CBF and NVC before and after heating in SCI.
When data were analyzed using a paired t-test instead, there
were was no between-group difference in NVC (P= 0.42),
nor were there differences in CBF or NVC following
heating in SCI only (P= 0.88 and P= 0.71, respectively).
Moreover, the nationality of the participants in the current
study is another difference compared to previous studies
(i.e., Croatian vs. Canadian). Considering their lower body
mass and probable impairments of sweating and skin blood
flow, it is not surprising that core temperature increased to a
greater extent in the SCI group in the current study. We also
observed no differences in the CBF or NVC responses
following heating in either group, but the vascular responses
to heating between groups should be carefully interpreted in
view of the significant interaction between group and time
on core temperature.

Nevertheless, the purpose of this study was to determine
the effects of a practical form of heating on cerebrovascular
function in SCI. After an hour of lower limb heating, Tcore
increased by ~0.7 °C in the SCI group indicating that this
method of heating does not predispose participants to heat
injury despite their thermoregulatory impairment. In unin-
jured individuals, other studies should aim to characterize
NVC with greater increases in core temperature similar to
that in the SCI group in the current study. The decreased

MCA conductance (−10%) in SCI suggests that despite
maintained CBF, intracranial conductance could be
impaired in SCI. Finally, the mechanisms contributing to a
lower ventilator sensitivity to heat in SCI warrants eluci-
dation. Future studies should consider quantifying cere-
brovascular conductance at more severe increases in Tcore
to determine a possible threshold at which heat stress might
be counterproductive in SCI.

Conclusion: The results of the present study indicate that
a feasible method (i.e., lower limb heating) of mild acute
heating does not impair or improve cerebrovascular func-
tion in SCI. Further study of the effects of chronic heating
interventions are needed to establish any potential benefits
for cerebrovascular health in SCI.

Data archiving

The individual datasets generated and/or analysed during
the current study are available from the corresponding
author on reasonable request.
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