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LAY ABSTRACT

Regular @rticipaton in whole-body heat therapygan extend health and life spédout it is
used infrequently becausé a lack offeasiblity from a cost, accessibility, and

tolerability standpointThis thesis explored whether local heat theliapyoung healthy
men and womewould be effectivéor improving blood vessel healtefined as
endothelial function and arterial stiffnes®th of whch are linkedo the risk of

developing manghronicdiseasesk-urthermore, the effects of local heat therapy were
compared to that of exercise trainivge found thathere were beneficial shednd
long-term effects of lower limb hot water immersioratimanifested in different areas of
the body Local heat therapynprovedupper limbendothelial function and lower limb
arterial stiffnessmmediately after a sessipwhereasvith repeated exposure, it may have
improved central arterial stiffness anddiarespiratory fithess. Exercise training only
had beneficial effects on the blood vessels when combined with heat therapy. Finally,
shorttermvascularesponses can predict lotgrm vascular responses to both heat
therapy and/or exercise training. Overaur findings suggest that there may be some
utility for local heat therapy to promote healthy blood vessels, but more work must be

done to replicate our findingsd explorats effects orother populations
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ABSTRACT

Heat therapynay be aralternative or adjunct intervention to exercise training for

improving cardiovascular function and healtowever.its prescriptiommust be refined

in order to overcome the feasibility and tolerability issues associated with cuirelet

body heatingnodes. There is substantial evidence to support the beneficial effects of high

doses (e.g., frequency, duration, and intensity) of heating typically achieved using whole

body modes, but there is limited knowledgewhethetower doses of heating
administeredhrough locahot water immersionf thelimbs can still have an impact on
vascular function

All studies were conducted in heathy young men and womehe first study
we found that regardless of whether local heating was apligte lower limbsup to the
ankles or knees, upper limb endothelial function and lower limb arterial stiffness
improved acutelyln the second study, weroceeded to prescrilamklelevel heatingn a
chronic interventiorand compareits effects to that of moderatetensity cycling
exercise trainingWe observed no changes in endothelial function, but decreases in
central arterial stiffness and increases in cardiorespiratory fitness in thogeridroned
heat therapy and exercise training combined with heat thdrafhe third study, we
evaluated the ability of acutascular function responses to predict chronic vascular

function responsewsith heating and exercise interventions, and foundiBggnt positive

associations between the acute and chronic responses for absolute and relative brachial

artery flonrmediated dilation and femor&dot pulse wave velocity.
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These findings suggest that healtly young men and womelgcal heating
throughanklelevel hot water immersion can improve indices of cardiovascular function
both acutely and chronically, alone or combined with exercise training. Further, acute
responses may be used to determine an indi
thergy and/or exercise training intervention. More research in larger, more diverse
samples and with a longer durationtleérapy and/otraining should be conducted to

determine if the results are replicable.
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CHAPTER 1

INTRODUCTION

STUDY 0
Effect of heat stress on vascular outcomes in humans
Published inJournal of Applied Physiologyi26(3)771-781, 2019.

DOI: 10.1152/japplphysiol.00682.2018
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1.1Preamble

Many chronic diseases and global leading causes of pesskesa vascular
etiology, emphasizing how critical vascular function is for maintaining overall h€hlth
8). These conditions inclugamong many othergschaemic heart disease, stroke,
diabetes mellitus, and kidney diseaf&®rld Health Organization Global Health
Estimates, 2019 he vascular milieu is constantly balancing itsp@nse to the release
of pro- and antiatherogenic substangesdultimately, a healthy environment is
maintained when endothelial cells are in a quiescent state wherein harmful inflammatory
and oxidative stress pathways are effectively sileri@edNovel interventions such as
heat therapy can support vascular function by eliciting cardiovascular (i.e., heart rate
shear ratg, thermal (i.e., core and skin temperatuy@sidmolecular(i.e., heat shock
proteins)eustresswhichtriggers physiological signaling pathways that promtite
release of vasoactive substaniies nitric oxide(10). However, much work remains to
be done with respect to tipeescriptionof heat therapy, in order to develop protocols that
are botheffectivefor improving vascular function, arniéasible, scalable, and accessible
for the general population.

This introductorychapter will includeif a synthesis of the existing literature that
has examined the effects of passive heat stress on vascular function in yaithg, he
individuals (section 1.2)11) and (i) a summary of commonly used methdaoisthe
assessment of arterial function (section Ic8)minating in(iii) an overview of the
studies conducted for this PhD thesigluding clearly outlined objectives and

hypotheses (section 1.4).
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1.2 Effect ofheat stress on vascular outcomes in humans

REVIEW

McMaster University
Hamilton, Ontario

J Appl Physiol 126: 771-781, 2019.
First published January 24, 2019; doi:10.1152/japplphysiol.00682.2018.

Effect of heat stress on vascular outcomes in humans

Jem L. Cheng and ©© Maureen J. MacDonald
Department of Kinesiology, McMaster University, Hamilton, Ontario, Canada

Submitted 3 August 2018: accepted in final form 19 January 2019

Cheng JL, MacDonald MJ. Effect of heat stress on vascular outcomes in
humans. J Appl Physiol 126: 771-781, 2019. First published January 24, 2019:
doi:10.1152/japplphysiol.00682.2018.—In addition to its role as an environmental
stressor, scientists have recently demonstrated the potential for heat to be a therapy
for improving or mitigating declines in arterial health. Many studies at both ends of
the scientific controls spectrum (tightly controlled, experimental vs. practical)
have demonstrated the beneficial effects of heating on microvascular function
(e.g., reactive hyperemia, cutaneous vascular conductance); endothelial func-
tion (e.g., flow-mediated dilation): and arterial stiffness (e.g., pulse-wave
velocity, compliance, B-stiffness index). It is important to note that findings of
beneficial effects are not unanimous, likely owing to the varied methodology in
both heating protocols and assessments of outcome measures. Mechanisms of
action for the effects of both acute and chronic heating are also understudied.
Heat science is a very promising area of human physiology research, as it has
the potential to contribute to approaches addressing the global cardiovascular
disease burden, particularly in aging and at risk populations, and those for
whom exercise is not feasible or reccommended.

arterial stiffness; endothelial function; heat stress; heat therapy; vascular physiology

INTRODUCTION

The search for innovative approaches to the management
and prevention of cardiovascular disease (CVD) has created a
potential niche for the use of heat as a therapeutic tool for
improving vascular health outcomes. On a global scale, CVDs,
ischemic heart disease and stroke in particular, are still the
leading causes of death (World Health Organization, January
2017), and it is now known that endothelial dysfunction pre-
cedes the development of atherosclerotic plaques along the
arterial wall that are characteristically associated with these
diseases (22). The arterial wall is made up of three layers that
are distinct in their composition and function. The tunica
adventitia contains elastin, collagen, nerves, and blood vessels
and provides the artery structural integrity: the tunica media
contains smooth muscle cells and allows the artery to control
blood flow; and the tunica intima is lined with endothelial cells
that secrete substances that promote an antiatherogenic envi-
ronment (80). Various vascular properties have emerged as
indicators of CVD risk, including microvascular function (e.g.,
reactive hyperemia, cutaneous vascular conductance); endothe-
lial function (e.g., flow-mediated dilation); and arterial stiff-
ness (e.g.. pulse-wave velocity, compliance, B-stiffness index)
(Fig. 1).

Address for reprint and other d M. J. MacDonald,
McMaster Univ., Dept. of Kinesiology, Ivor Wynne Centre. Rm. E210,
1280 Main St. West, Hamilton, ON, Canada L8S 4K1 (e-mail: macdonmj
@memaster.ca).

hup://www.jappl.org

Downloaded from www.ph

Heat stress is emerging as a potential alternative to exercise
for improving cardiovascular health, because it too increases
vascular shear stress, a critical stimulus for changing vascular
function (94). Indeed, many studies have shown that heat,
applied acutely or chronically, has the ability to alter a number
of indices of vascular structure and function, which may be
promising for the aging population, as well as at risk groups
that may not be physically able to partake of the recommended
amount of exercise. Activities such as Waon therapy, Japanese
onsen bathing, Finnish sauna bathing, and Bikram yoga have
been promoted in some venues for their heat-related benefits
for many years (27, 31, 63, 81), but recent studies have also
demonstrated that simpler alternatives, such as a hot foot spa or
hot tub bath, may elicit similar positive effects on vascular
health with regular use (8, 9, 89). Accordingly, the objectives
of this paper are as follows: /) to describe currently used
practical models of heat therapy and their effects on vascular
structure and function; 2) to outline the physiological changes
in vascular structure and function previously observed in stud-
ies of chronic and acute heat exposure; and 3) to propose
potential avenues of future research on heat science as it relates
to vascular health.

COMMON HEAT THERAPIES AND THEIR EFFECTS ON
VASCULAR STRUCTURE AND FUNCTION

Commonly used heat therapies have been previously dem-
onstrated to be successful at creating a general sense of
well-being, whether it be through symptom alleviation, cultural
inclusion, or physical fitness (27, 28, 63, 81, 87). These effects
have contributed to the worldwide adoption of these heat
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tural and functional characteristics are typically
assessed at the common carotid artery
(CCA), brachial artery (BA). superficial

femoral artery (SFA), and the microvascu-
lature. Microvascular function can be as-
sessed through vascular di e
(CVC) or reactive hyperemia (RH) response. En-
dothelial function can be assessed through
flow-mediated dilation (FMD). Arterial stiff-
ness can be assessed locally through compli-
ance, distensibility, and the B-stiffness index,
or regionally through puls velocity
(PWYV) at a variety of arterial sites. Arterial
intima-media thickness (IMT) describes the
thickness of the arterial wall, most typically
at the CCA, and is a precursor to atheroscl-
erosis.

Microvasculature
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therapies. Recent studies have highlighted the potential role of
improved vascular health in contributing to the efficacy of
these heat therapies (27, 31, 32, 37, 47, 67).

Waon Therapy

Waon therapy, which translated means “soothing warm
therapy,” was developed in Japan by Dr. Chuwa Tei in 1989 as
a treatment for chronic heart failure (CHF) (63). It involves
being seated for 15 min in a far infrared dry sauna set to 60°C,
with the goal of increasing core temperature (T.) by 1-1.5°C,
followed by 30 min outside the sauna in supine rest while
wrapped in blankets to retain heat. Water is provided ad
libitum to prevent dehydration from sweating (63). This ther-
apy has almost exclusively been used in CHF patients and
individuals with risk factors for CVD, and its effect has not
been explored in young, healthy individuals (63). Dr. Tei's
research group has successfully shown that Waon therapy is
able to improve cardiac hemodynamics and function, clini-
cal symptoms, and prognosis of individuals with CHF (46,
48, 62, 88).

Improvements in cardiovascular health with Waon ther-
apy may be attributable, in part, to improvements in vascu-
lar function with exposure to frequent therapeutic sessions
(range: 5-7 times/wk for 2-5 wk). Using a modified Waon
therapy protocol in Syrian gold hamsters and TO-2 cardio-
myopathic hamsters, researchers showed that treatment up-
regulated endothelial nitric oxide synthase (eNOS) mRNA and
protein content in endothelial cells (35, 36). In apolipoprotein
E-deficient mice, Waon therapy increased limb perfusion, cap-
illary density, and eNOS expression (1). Furthermore, angio-
genesis (i.e., increased capillary density) was abolished with
administration of N®-nitro-L-arginine methyl ester (L-NAME)
and in eNOS knockout mice, suggesting that these beneficial
adaptations are heavily nitric oxide (NO) mediated (1). Re-
duced oxidative stress may also play a role in improved
vascular function with Waon therapy, as the marker urinary
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8-epi-PGF»,, decreased with 2 wk of daily treatment in humans
with at least one coronary risk factor (57). Although most
previous experiments examining the impact of Waon therapy
were performed in animal models, the mechanisms of action in
the animal experiments may provide an explanation for the
observed improvements in endothelial function assessed by
brachial artery (BA) flow-mediated dilation (FMD) in human
intervention studies of Waon therapy in individuals with either
CHEF or at least one coronary risk factor (37, 47, 67). It should
be noted that in these studies that have measured BA FMD in
response to Waon therapy, methods used do not align perfectly
with the established guidelines, which should be taken into
consideration when their findings are interpreted (90).

Japanese Onsen Bathing

Onsen bathing is widely used in Japan regardless of age and
disease status. Onsens are natural hot springs, which are now
typically developed to include nearby bathing facilities and
traditional inns (81). The temperature of water in an onsen,
although not typically recorded, can vary between 25 and 45°C
(81). The effects of onsen bathing on cardiovascular outcomes
have scarcely been explored. Very recently, data have been
published from the Shimanami Health Promoting Program, a
longitudinal study evaluating the factors that contribute to
cardiovascular disease, dementia, and death in an elderly Jap-
anese population (49). In total, 873 participants filled out a
questionnaire regarding their onsen bathing habits posted to
them 1 yr after study cessation in December 2014. Participants
bathed, on average, 5.8 = 1.9 times/wk for 12.4 = 9.9 min/
session. Researchers observed that individuals who bathed
more than or equal to five times per week had lower brachial-
to-ankle pulse wave velocity (PWV), central pulse pressure,
and plasma B-type natriuretic peptide (BNP). They also
showed, in a subset of 166 participants with a mean follow-up
duration of 4.9 yr, that maintaining these bathing habits (=5
times/wk) eventually lowered resting levels of plasma BNP,
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which suggests improved blood pressure regulation (49). In
another study conducted in the city of Beppu, Japan, a ques-
tionnaire regarding hot spa-bathing habits and disease history
was administered to a random selection of 20,000 citizens aged
65 yr of age and older. Of the 9,252 valid responses received,
analysis revealed that habitual onsen bathing may translate into
the prevention of hypertension in women and cardiovascular
disease in men, among a variety of other diseases surveyed
(56). Some mechanisms of action have been demonstrated in a
study in Sprague-Dawley rats (68) in which thickening of the
intimal wall, a known precursor for atherosclerosis, was in-
duced by surrounding right femoral arteries of rats with a
polyethylene cuff. Following cuff treatment, rats underwent
thermal therapy involving 15 min of hot water bathing (40.5-
41.5°C) daily for 28 days. Rectal temperature was reported to
have increased from 35 to 38°C from beginning to end of a hot
water bathing session. Remarkably, thermal therapy decreased
neointimal thickening and markers of atherosclerotic progres-
sion (i.e., ED-1, -2, -3-positive cells, MCP-1, and p22-phox);
and increased the expression of heat shock protein (HSP) 72,
which is thought to be a key component of the adaptive
response to heat stress (68).

Finnish Sauna Bathing

In Finland, sauna bathing typically involves sitting in a room
with 80-100°C dry, circulating air for anywhere between 5 and
20 min, interspersed with brief periods in a cold environment
(27). Although common worldwide, sauna bathing is so per-
vasive in Finnish culture that when the Kuopio Ischemic Heart
Disease risk factor study recruited middle-aged men between
42 and 61 yr old, sauna bathing habits were included in the
baseline characteristics of participants. In recent publications
using this data set, with a follow-up duration of at least 20 yr
in >2,000 participants, researchers observed that increased
sauna bathing frequency (4-7 times/wk) and duration (>19
min/session) were associated with a decreased risk of sudden
cardiac death, coronary heart disease, cardiovascular disease,
and all-cause mortality, for which the effect was amplified
when combined with high cardiorespiratory fitness (50, 52).
Frequent sauna bathing was also found to be associated with a
lower risk of incident hypertension (104). Of note, sauna
bathing habits were only assessed at baseline using a self-
reported questionnaire: therefore, interpretation of the data
relies on the assumption that these habits remained the same
over the course of the succeeding 20+ yr. Currently, a mech-
anistic perspective on the risk-lowering effects of sauna bath-
ing is lacking. One study has examined the acute changes in
arterial stiffness with sauna bathing in 102 asymptomatic
participants with at least one cardiovascular risk factor (54).
Participants underwent a single session of sauna bathing at
73°C and 10-20% humidity for 30 min. Carotid-femoral (cf)
PWYV decreased immediately following sauna exposure, but
returned to baseline levels after 30 min of recovery (54). The
significance of this transient decrease in arterial stiffness re-
mains to be determined, although it is likely more representa-
tive of a decrease in vascular tone.

Bikram Yoga

Bikram yoga was created and popularized by Bikram
Choudhury in the early 1970s, and involves a set sequence of
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pranayama (deep breathing), asanas (poses), and kapalabhati
(quick, strong exhalations) performed in a heated environment
(35-42°C and 40% humidity) (28). Despite widespread adop-
tion in Western cultures, there is a surprising lack of research
examining the physiological impact of the practice of Bikram
yoga. Previous studies on hatha (non-heated) yoga revealed no
change in arterial stiffness [i.e., common carotid artery (CCA)
compliance and B-stiffness index] or endothelial function (i.e.,
BA FMD) with regular practice (2-3 sessions/wk for 6-12 wk)
(34, 85). The addition of the heated component in Bikram yoga
yielded different results, but showed that the arterial response
might differ based on factors such as age and training duration
(31, 32). When groups of young and middle-aged to older
adults practiced Bikram yoga for three times per week for 8
wk, CCA compliance and the B-stiffness index improved only
in the younger group, while BA FMD improved only in the
middle-aged to older group (31, 32). Interestingly, when a
subsequent experiment was conducted by the same research
group to directly compare heated and non-heated yoga in
middle-aged to older adults only, BA FMD increased in the
non-heated yoga group, but only trended toward an increase in
the heated yoga group (P = 0.056) (33). Based on the available
data, it appears that there is much greater variability around the
BA FMD responses after heated vs. non-heated yoga, which
may explain the lack of statistical significance observed in
some of the previous studies. There is no clear consensus on
the impact of Bikram (heated) yoga on arterial function, and it
is possible that training duration (8 vs. 12 wk), which was
different between the two studies in middle-aged to older
adults, plays a role in the response.

While there is considerable evidence to suggest a general
benefit of these commonly used heat therapies on vascular
health and CVD risk, limited fundamental mechanistic work
prompted researchers to expand on this area of research using
controlled experiments to isolate the role of heat on the
vasculature in the absence of other confounding elements such
as muscular contraction.

PHYSIOLOGICAL RESPONSE TO HEATING

The hallmark physiological response to heat stress is the
cutaneous vasodilation that allows for the necessary redirection
of blood flow to the surface of the skin for heat dissipation (16)
(Fig. 2). The role of vasodilators and vasoconstrictors changes
as heat stress progresses in both duration and magnitude. Mild
heat levels (T. increase of ~0.5°C), characterized by isolated
elevated skin temperature, generate minor adjustments in skin
blood flow due to slight changes in both vasoconstrictor (de-
creased) and vasodilator (increased) input. Moderate heat lev-
els (T, increase of ~1.0-1.5°C), characterized by increases in
T. in conjunction with elevations in skin temperature, cause
further increases in skin blood flow through exclusive vasodi-
lator mechanisms in the absence of vasoconstrictor action.
Severe heat levels (T. >40°C) are characterized by significant
increases in T that trigger active vasodilator pathways to
further increase skin blood flow (16, 42). All modes of heat
therapy aim to elicit a T, increase between ~1.0 and 1.5°C; as
such, the mechanisms and studies described throughout will
reflect those of moderate heating. Complex neural and local
mechanisms are involved in the cutaneous vasodilatory re-
sponses with heating, which are not necessarily the same as the
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Fig. 2. Blood flow distribution at rest and during heat
stress. During whole-body heat stress, cardiac output
(CO) increases from ~5 to 12.5 Vmin, a 2.5-fold in-
crease. Blood flow is redirected to the skin (T 7-8
1/min) (39) from the splanchnic ( | 40%) (61) and renal
(1 15-30%) (72) regions, such that the organs com-
prise ~60, 5-6, and 6-7% of cardiac output with
heating, respectively. Gray circles indicate the percent
contribution to CO at rest, blue circles indicate a de-
crease in percent contribution to CO during heat stress,
and red circles indicate an increase in percent contribu-
tion to CO during heat stress. [llustrations of human
body organs produced by Servier Medical Art.

N

Rest
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mechanisms that regulate conduit and peripheral arteries. Neu-
ral mechanisms of action remain unclear but are believed to
exert their effects through a cotransmitter system, which sug-
gests the release of multiple neurotransmitters to stimulate
vasodilation (5, 45). Substances that are potentially involved in
this mechanism include acetylcholine (45, 100), NO (43, 82,
84), vasoactive intestinal peptide (5, 99), substance P (neuro-
kinin-1 receptors) (101), histamine (HI receptors) (102), and
prostaglandins (59). Local mechanisms create a two-tiered
pattern of vasodilation in response to heating. Initial vasodila-
tion occurs when temperature-sensitive vanilloid type 1 recep-
tors in afferent cutaneous sensory nerves detect heat and
prompt the reflex, antidromic release of vasodilatory neu-
rotransmitter(s), the identity and action of which are currently
unknown (60, 69, 86). Prolonged vasodilation occurs when
HSP90 binds to, and subsequently activates, eNOS to generate
NO, which diffuses to the smooth muscle layer of the arteriolar
wall to cause it to relax (44, 60, 83). Well-controlled experi-
ments using topical capsaicin (anesthetic) and L-NAME locally
at the site of heating provide supporting evidence for the
mechanisms of initial and prolonged vasodilation, respectively
(44, 60, 86). Further information on this topic is detailed in
other reviews (15, 40, 100).

With heating, the capacity for 7-8 I/min of increased skin
blood flow with heating is facilitated predominantly by in-
creased cardiac output (up to ~12.5 I/min) and decreased blood
flow to the splanchnic (by ~40%) and renal (by ~15-30%)
circulations (74) (Fig. 2). As a consequence, in the conduit
(i.e., carotid) and peripheral (i.e., brachial, femoral) arteries,
which are the focus of this review, heating results in increased
blood flow and shear stress, particularly in the anterograde
direction (forward, away from heart) (73, 91, 92, 94). The
elevation in heart rate, concurrent with negligible changes in
stroke volume, has been suggested to be mainly responsible for
the increases in cardiac output of up to 2.5 times resting values.
Changes in temperature and autonomic nervous system (ANS)
activity with heat stress alter cardiac nodal cells such that
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action potentials are triggered more frequently (i.e., | time to
reach threshold for depolarization) and travel more quickly
(i.e.. 7 conduction velocity) through cardiac myocytes (18,
23, 41, 98). Heating alters ANS balance, boosting sympathetic
nervous system (SNS) activity and withdrawing parasympa-
thetic nervous system (PNS) activity, to place the body in a
global hyperadrenergic state that facilitates more frequent si-
noatrial node firing. Although the goal of this mechanism is to
satisfy the need for blood flow to the skin, it is very likely that
these changes also influence the conduit and peripheral vascu-
lar environments, although it is currently unknown exactly how
this happens. The reduction in splanchnic and renal blood flow
has been attributed to decreased perfusion pressure and in-
creased vasoconstriction in these vascular beds (20, 76-78).
Overall, the redistribution of blood flow during heating allows
for blood pressure to be maintained despite the substantial drop
in vascular resistance to the skin blood vessels.

The SNS is a key component of the physiological response
to heating in humans, controlling both the sweating and skin
blood flow responses needed to dissipate heat (24). Addition-
ally, the SNS is responsible for the compensatory increases in
cardiac output and vascular resistance in noncutaneous beds
necessary for the maintenance of blood pressure (75, 78).
Approximately 80-95% of the increase in cutaneous blood
flow with passive heat stress occurs through active vasodila-
tion, a process that is mediated by cholinergic nerves evoking
the release and action of acetylcholine and other neurotrans-
mitters (42). In support of this idea, many studies have shown
that whole-body heat stress sufficient to increase T. by ~0.7 up
to 1.3°C increases skin sympathetic nerve activity (SSNA) to
trigger active vasodilation (24, 55). Muscle sympathetic nerve
activity (MSNA), a more common index of sympathetic acti-
vation that is strongly associated with vasoconstriction, also
increases by 40-90% to drive the increase in cardiac output
and decrease in blood flow to the renal and splanchnic regions
with whole-body heating (24, 55, 61). Changes in both SSNA
and MSNA with heating are thought to occur through direct
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temperature-related mechanisms in an intensity-dependent
manner (24).

IN VIVO HUMAN EXPERIMENTAL HEATING MODALITIES

Since practical heat therapies have amassed interest in recent
years, researchers have begun to explore research questions on
its effects in more controlled, experimental settings. Several
methods have been used, thus far, to apply heat stress to the
human body. Water immersion of various body parts is the
most commonly used method as it is inexpensive and offers
even heating of the immersed areas. Studies have employed
this method to heat forearms (25, 65, 94), feet (30, 89), and
lower legs (73), from the waist down (13, 14, 91, 92) and
shoulders down (8-10). A limitation of this method may
include the inability to collect any data involving electrical
equipment (e.g.. ECG), although protective seals can be ap-
plied to overcome this issue. Water-perfused tube-lined heating
suits are also used, typically for whole-body heating (21, 64).
There is also the option to leave an arm exposed to remove
possible local skin-heating effects on measurements of arterial
function. This option requires technical expertise for the con-
struction of the suit, but has the benefit of leaving the skin
surface dry for obtaining measurements. Our laboratory has
previously used a heating pad/blanket to apply heat to the
forearm, which, although inexpensive, is not ideal because of
the uneven heating owing to difficulty wrapping fabric around
irregularly shaped body parts as well as the fixed and subjec-
tive heat settings (e.g., low, medium, high). Other options
include heat chambers and/or portable saunas, which would
most closely replicate the conditions experienced in practical
models of heat therapy.

The upcoming sections will summarize the acute and
chronic effects of experimentally applied heat stress on the
vasculature. Unless otherwise stated, findings highlighted are
from cohorts of younger, healthy participants (both men and
women) to describe the general observed response, rather than
the influence of age and/or disease status.

ACUTE EFFECTS OF HEAT ON THE VASCULATURE

Few studies have examined the acute effect of a single
exposure to heat on indices of vascular structure and function.
Microvascular function has been shown to be improved in the
lower limb following 45 min of lower leg immersion in water
at 42°C (73), and unchanged in the upper limb following 60
min of combined whole-body and waist-down immersion in
water at 40.5°C (10). In both studies, microvascular function
was assessed indirectly using the reactive hyperemia peak
and/or area under the curve response to a period of brief
ischemia. More robust methods of microvascular function
assessment, such as perfusion via laser Doppler, microdialysis,
or contrast-enhanced ultrasound, should be used in this context
for a more comprehensive evaluation. It might also be worth
noting that Romero et al. (73) examined the superficial femoral
artery (SFA) 30 min postheating while Brunt et al. (10)
examined the BA 60 min postheating: either factor could
explain the divergent findings.

Acute conduit artery endothelial function responses to a bout
of passive heat stress have also been examined via FMD. An
important consideration of findings is that the measurement of
FMD is sensitive to baseline arterial diameter, and the appro-
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priate statistical steps must be taken to account for acute
diameter changes when responses pre- and postheating proto-
cols are compared (2). Tinken et al. (94) demonstrated im-
provements in BA FMD without a change in baseline arterial
diameter following 30 min of bilateral forearm heating in a
water bath set to 40°C, but the lack of core and skin temper-
ature data limits the characterization of the magnitude of
heating stimulus (94). Brunt et al. (10) showed no change in
BA FMD after 60 min of combination whole-body and waist-
down hot water immersion at 40.5°C: but the postintervention
FMD test was conducted 1 h after heating, and resting arterial
diameter was observed to be increased at this time point
compared with the preintervention FMD test (3.24 + 0.24 to
3.46 = 0.25 mm); therefore, it is possible that the expected
change was missed (10). Romero et al. (73) and Thomas et al.
(91) assessed acute responses to heat exposure via SFA FMD,
which although relevant due to the atherosclerosis-prone nature
of the SFA, has not been validated as a surrogate for coronary
endothelial function or as an indicator of cardiovascular dis-
case risk. Nevertheless, neither 45 min of waist-down water
immersion nor 30 min of lower limb (up to 33 cm) water
immersion, both at a temperature of 42°C, were sufficient to
change SFA FMD, despite using allometric scaling statistical
procedures (73, 92). In addition to the inconsistencies in
statistically accounting for changes in baseline arterial diame-
ter across studies, disparities in heating protocols and location
of an artery examined preclude any overarching conclusions
with respect to the acute impacts of local limb heating on
conduit artery endothelial function.

Arterial stiffness responses to acute heat stress have previ-
ously been assessed via PWV and cardio-ankle vascular index
(CAVI) and are likely reflective of transient changes in blood
pressure and vascular tone with heating. There is no consensus
with respect to the current literature, with findings ranging
from increased (64), decreased (30), and no change (21, 64) in
stiffness metrics with whole-body or lower limb heating. Ex-
amining special populations seemed to follow the same lack of
trend, with the increased cfPWV in Moyen et al. (64) also
observed in smokers and the decreased CAVI in Hu et al. (30)
also observed in older patients (64). Additionally, Thomas et
al. (92) observed decreases in both ¢fPWV and carotid-radial
PWYV in older individuals and those with peripheral arterial
disease (91). All protocols except for that used in Hu et al. (30),
which saw a T, change of ~0.3-0.4°C, generated increases in
Te in the range of 1.5-1.8°C (21, 30, 64, 91). Discrepancies in
the results of these four studies may be attributable to the
various populations examined and assessment techniques used.
The lack of change in Ganio et al. (21) may have been due to
an underpowered sample size (n = 8) and the inclusion of both
men and women (without control of menstrual phase). For
comparison, Moyen et al. (64) had 26 men, with 13 in each of
the smoking and nonsmoking groups, and Hu et al. (30) had 32
women, with 16 in each of the younger and older age groups.
Timing of arterial stiffness assessment may have also contrib-
uted to the divergent findings in these studies. Moyen et al. (64)
measured PWV while the body was still under heat stress, in
which case it is plausible that the SNS resulted in increased
vascular tone and arterial stiffness. On the other hand, Hu et al.
(30) measured CAVI in the absence of heat stress, albeit
immediately after water immersion, and found transiently de-
creased arterial stiffness that returned to approximate resting
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levels after 30 min. However, to further complicate the issue,
Thomas et al. (92) observed decreased PWV despite assess-
ment 30 min after the heating intervention. It is worth men-
tioning that only Thomas et al. (92) followed the guidelines on
the recommended method of arterial stiffness assessment (7),
which should be considered when findings between studies are
compared.

Overall, regardless of the vascular outcome examined, the
literature with respect to acute vascular responses to heating is
sparse. and results are equivocal at best. Understanding the
acute vascular responses to heating are important for informing
the mechanisms by which heating may influence the vascula-
ture with repeated use and should be studied further.

CHRONIC EFFECTS OF HEAT ON THE VASCULATURE

Recent research conducted in controlled experimental set-
tings has begun to focus on the effects of chronic application of
heat on measures of micro- and macrovascular function in
cohorts of young, healthy men and women. In previous studies,
microvascular function has been commonly assessed as the
cutaneous vascular conductance (CVC) response to a heat
stimulus using laser Doppler array probes. A series of two
studies employed 8-wk heat training protocols where partici-
pants came in for 30-min sessions three times a week for hot
water immersion (40-42°C). Green et al. (25) used a bilateral
forearm heating model intended to increase local temperature
and found increased forearm CVC after 4 wk, and Carter et al.
(13) used a waist-down heating model intended to increase T
and found increased forearm CVC after 8 wk (13, 25). Re-
stricting the normal blood flow and shear stress elevations to
the BA, where assessment was conducted, negated the im-
provements in CVC. In the study by Carter et al. (13), skin
temperature at the nonheated forearms also appeared to play a
key role in modulating the microvascular function response to
lower limb heat training, as CVC was found to decrease when
the natural rise in skin temperature was restricted and instead
clamped at resting levels. Taking it a step further, Brunt et al.
(8) used the same laser Doppler microvascular function assess-
ment technique but layered on a microdialysis approach to
determine the mechanisms underlying the observed changes in
microvascular function with 8 wk of a combination of whole-
body and waist-down heat training. Before and after the train-
ing period, a heat challenge was applied to several sites on the
ventral forearm where microdialysis fibers had been inserted.
Microdialysis fibers received either lactated Ringer (control),
the NOS inhibitor N*-nitro-L-arginine (L.-NNA) to reduce NO
production, or the superoxide dismutase mimetic tempol to
reduce oxidative stress (8). Administration of L-NNA de-
creased CVC, while tempol increased CVC but not above that
of the control condition, demonstrating that improved NO
bioavailability is the key heat training-induced change respon-
sible for improved microvascular function (8). Most recently,
Francisco et al. (19) tested whether microvascular adaptations
could be elicited by 10 days of 60 min/day forearm heating
using a cylindrical water-spray device. Throughout the heating
sessions, the contralateral arm was submerged in a thermoneu-
tral (32°C) water bath to serve as a within-subject control. The
T. remained unchanged throughout forearm heating in a subset
of two subjects in whom this outcome was assessed (19). When
comparing microvascular function before and after short-term
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acclimation, researchers found that 10 days of repeated heating
was insufficient to elicit changes in the cutaneous vascular
responses to local heating, acetylcholine administration, or
prolonged forearm heating, suggesting that either a longer
acclimation period or less localized stimulus is needed (19).
In previous examinations of vascular responses to heat
training, macrovascular function was most typically assessed
as endothelial function using a FMD test. In separate studies
from the Green research group, BA FMD was examined
before, during, and after 8 wk of 3 times/wk 30-min limb hot
water (40-42°C) immersion sessions. Naylor et al. (65) heated
both forearms and observed an increase in BA FMD after 2 wk
of heat training (65), while Carter et al. (14) heated from the
waist down and observed an increase in BA FMD after 4 wk.
In both cases, BA endothelial function improved early on, but
reverted to baseline levels by the end of heat training, which is
consistent with the proposed time course of vascular adapta-
tions to exercise training (93). Accompanying structural out-
comes would have given a more complete picture, although the
observed lack of change in resting arterial diameter in either
study at any time point during the 8 wk of heat training
suggests no structural remodeling in the form of increased
arterial dimension occurs (14, 65). It also seems that the
location of heating may impact the time course of change in
FMD (i.e., increase after 2 vs. 4 wk). Because these earlier
studies were designed for the purpose of investigating the
effect of shear stress alterations rather than heating, skin and T,
measurements were absent or limited, making it difficult to
characterize the magnitude of the heating stimulus. The most
recent study by Brunt et al. (9) is the most comprehensive and
robust study on passive heat stress training to date, including
measures of arterial wall thickness and stiffness in addition to
endothelial function. A combination whole-body and waist-
down water immersion protocol was used to heat young,
sedentary but otherwise healthy men and women, with the
ultimate goal of maintaining a T. between 38.5 and 39°C
(~1.5°C above resting) for up to 90 min (9). For comparison,
the heating protocol used by Carter et al. (14) increased T. by
only ~0.5°C by the end of the 30 min. Heat training in the
Brunt et al. (9) study was also more rigorous with 4-5 sessions
per week of heating for a total of 36 sessions throughout the
8-wk period. Improvements were observed in BA FMD, SFA
compliance, SFA B-stiffness index, c¢fPWV, CCA intima-
media thickness (IMT), and blood pressure (BP) at various
time points throughout heat training (9). Increases in BA FMD
(after 2 wk), SFA compliance (after 4 wk), and mean BP (after
2 wk) persisted until the end of the 8-wk training period.
Decreases in diastolic BP were observed at weeks 4 and 8 only.
Decreases in the SFA B-stiffness index, cfPWV, and CCA IMT
were observed only at the end of the 8 wk (9). The IMT
findings in this study should be interpreted with caution, as
calipers were used for analysis (96). Otherwise, gold standard
methodologies were used for all other vascular outcome mea-
sures (7, 53, 90). The differential adaptations in different
arterial locations (e.g.. CCA vs. SFA) is very interesting and
suggests that different mechanisms may be involved in the
response to chronic heating. Furthermore, the maintenance of
improved endothelial function up to 8 wk of training surpasses
the time course of adaptations suggested by Tinken et al. (93),
which may point to alternate signaling pathways being acti-
vated with chronic combined local and core temperature ele-
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vation compared with other interventions, such as local heating
alone and exercise (14, 65, 93). Recently, Bailey et al. (3)
demonstrated that 8 wk (30-min sessions, 3 times/wk) of
whole-body hot water immersion improved BA FMD to the
same extent as moderate-intensity cycling training, providing
support for the eventual use of heat stress as an alternative or
adjunct therapy to exercise (3). Certainly, more research is
warranted as this study was conducted in a group of young
recreationally active women, which represents only a fraction
of the world population.

POTENTIAL MECHANISMS AND FUTURE DIRECTIONS

Shear stress is a critical physiological stimulus thought to be
imperative for eliciting vascular adaptation in response to
stressors through its ability to trigger the production of sub-
stances (e.g., NO) that are vasodilatory and thought to be
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atheroprotective (Fig. 3) (17, 26, 51). Endothelial cells detect
shear stress through the alteration and deformation of the
morphology of their stress fibers, which subsequently trigger
the production of vasodilators or vasoconstrictors. The effects
of shear stress on vascular function have been demonstrated in
cells, animals, and humans (12, 26, 51, 66, 97). Seminal work
by Pohl et al. (70) demonstrated, through their removal, that
endothelial cells are essential to the FMD response. In this
study conducted in vivo in canine femoral arteries, the re-
sponses to nitroglycerine and norepinephrine, both vasoactive
agonists, were preserved, while FMD was lost after intimal
denudation (70). In experiments that followed by Laughlin and
colleagues (38). researchers observed tight coupling between
shear stress induced by increased flow and FMD ex vivo in rat
superficial femoral arteries. Additionally, they demonstrated
that higher vs. lower or no flow resulted in greater mRNA
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Fig. 3. Potential control mechanisms for the
effect of heat stress on the vasculature. Heat
stress can be characterized by frequency, tem-
perature, mode, localization, and duration, to
determine the magnitude and intensity of the
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shock protein content, autonomic nervous sys-
tem activity, endothelial cell damage pa
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expression of eNOS, an enzyme needed to produce NO, and
Cu/Zn superoxide dismutase, an enzyme that scavenges super-
oxide (O>7), thereby slowing down the rate of degradation of
NO (103). With regard to heat stress, it is known that vascular
shear stress is increased during heating to satisfy the demand
for blood flow at the skin surface: and it has been postulated
that these repeated increases in shear stress drive the improve-
ments in micro- and macrovascular artery function that arise
with chronic heat exposure (94). Recent work in humans in
vivo has recapitulated some of the early shear stress work
conducted in cells and animals, with a series of experiments
repeatedly demonstrating that the improvement in FMD and
CVC in response to heating, as well as a number of other
interventions, is abolished when a cuff is inflated to 80-100
mmHg throughout the intervention to prevent the naturally
occurring increase in shear stress (6, 25, 94, 95). The obliga-
tory role of increased shear stress on the heat-induced improve-
ments in vascular function has become accepted in the litera-
ture, as it is one of the most well-studied and reproduced
phenomenon in this research area.

Changes in arterial stiffness with acute and chronic heating
are more challenging to explain, as both passive (i.e., deposi-
tion of elastin and collagen in arterial wall) and active (i.e.,
vascular tone) components of the arterial wall can contribute to
measured values (79). Currently available assessment methods
and outcome measures, such as PWV, compliance, and the
B-stiffness index, are not capable of discerning which of
the two contributors is responsible for observed changes in
the stiffness profile, although duration of intervention or
training can help to inform this question. Modifications to
passive stiffness are likely restricted to chronic intervention
durations owing to the time course for deposition of new
elastin or collagen protein, while active stiffness can reason-
ably fluctuate over a shorter period of time and may be
transient, since neural drive is a primary effector of this type of
change (Fig. 3) (79). It may be worthwhile to assess sympa-
thetic tone through muscle or skin sympathetic nerve activity in
future studies to provide additional insight on arterial stiffness
changes, particularly with chronic heat stress.

Much of the recent work alludes to the potential roles of
increased HSPs and decreased inflammation and oxidative
stress in mediating changes in vascular function (Fig. 3). HSPs
play an important role in activating eNOS, as supported by data
that show that the HSP90 inhibitor geldanamycin attenuates the
NO-mediated vasodilation in skin (83). In vitro experiments in
bovine coronary endothelial cells have demonstrated that acute
heat activates HSP90, yielding increases in circulating NO
through elevated eNOS activity (71), whereas ex vivo experi-
ments in peripheral blood mononuclear cells from humans
have shown that chronic heat increases the amount of HSP72
and HSP90 protein (58). HSPs also work to stabilize and
activate other proteins, and those involved in inflammatory and
oxidative stress responses are likely relevant to vascular func-
tion. Although the main purpose was to examine responses to
hypoxia-reoxygenation, recent work by Brunt et al. (11)
showed that in human umbilical vein endothelial cells incu-
bated for 24 h in “mild heating” (39°C) media or with serum
from participants that have undergone an 8-wk heat therapy
intervention, there was reduced production of O, and ele-
vated production of manganese superoxide dismutase (0>~
scavenger) at rest compared with sham conditions (37°C media
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and thermoneutral water immersion therapy, respectively).
These differences coincided with increased HSP70 protein
levels in mild heating-pretreated cells and peripheral blood
mononuclear cells isolated from venous blood collected from
human participants (11). Additionally, Bain et al. (4) show in
humans that arterial concentrations of activation- and apopto-
sis-derived endothelial microparticles and platelet micropar-
ticles are reduced after ~1 h of whole-body heat stress (4).
These outcome measurements indicate endothelial cell damage
and activation of inflammatory and thrombotic pathways, re-
spectively, which provide further information on mechanisms
by which heating improves vascular function (Fig. 3). Further
work in this area should concurrently explore the changes in
HSPs, inflammation, and oxidative stress, and indices of car-
diovascular disease risk in response to heating interventions.

As some of the literature in both practical and experimental
models of heat therapy suggests, age and disease risk status
may be moderators of the effect of heat on the vasculature. It
would be advantageous to extend the acute and chronic heating
findings in experimental studies to groups of individuals that
are unable to perform traditional physical activities, or undergo
periods of reduced physical activity, such as older adults and
clinical populations. Very few tightly controlled, experimental
studies have been conducted in these populations for whom
heat therapy may be most transformative in terms of health
outcomes (73, 91). In a recent study, Teixeira et al. (89)
showed, albeit in a young healthy population, that immersing
one foot in a hot bath for 30 min, three times a day, can
mitigate the impairment in SFA endothelial function that oc-
curs with just 5 days of reduced physical activity (89). This
study should be replicated in clinical groups, since it is rea-
sonable to expect even greater positive results considering they
are likely beginning with reduced endothelial function and
have more to gain from the heating intervention.

CONCLUSIONS

Based on a wealth of evidence in Waon therapy. Japanese
onsen bathing, Finnish Sauna bathing, Bikram yoga, and other
heat-related activities, it seems that chronic exposure to heat in
a therapeutic paradigm has a beneficial effect on vascular
health (27, 31, 63). Recent efforts to characterize the vascular
responses to acute and chronic heating using experimental
models have generally demonstrated improvements across all
aspects of vascular health, including IMT, compliance, B-stiff-
ness index, FMD, and CVC with chronic heat exposure. In
contrast, there is less consensus regarding the responses to
acute heat exposure due to a variety of factors, but most
notably suboptimal and inconsistent assessment methods and
protocols. For instance, a major challenge of acute investiga-
tions is the wide range in the definition of the acute phase,
anywhere between 0 min to 24 h postintervention. With most
research groups assessing outcomes at just one or two time
points, this makes it extremely difficult to compare findings
and determine which responses are scientifically relevant. A
study aiming to establish a time course of change in vascular
outcomes in response to acute heat stress is needed to further
progress in this area. Another major limitation of the current
literature is the extensive array of heating protocols and as-
sessment methodologies, making it difficult to arrive at a
consensus for any given effect (e.g.. acute vs. training, degree
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of heating, location of heating, duration of heating). The future
of heat stress therapies may benefit from utilizing the F.LT.T.
(frequency, intensity, type, time) principle more commonly
used in exercise, as studies will need to consider these aspects
of the stimulus as moderating factors of the effect (Fig. 3). The
literature on Finnish sauna bathing is likely the most advanced
in this regard, with studies having demonstrated negative
dose-dependent relationships between frequency and/or dura-
tion of sauna use and CVD and all-cause mortality risk (50,
52). It is reasonable to believe that indicators of vascular
dysfunction that precede many CVDs would be even more
sensitive to detect the effects of nuances in these heating
parameters. Although not much has been done to explore the
impact of heating intensity (i.e., temperature), many heating
mechanisms are thought to only be activated beyond certain
threshold temperatures, which suggests that milder heating
may not be as effective as moderate heating at triggering the
atheroprotective signaling pathways known to be beneficial for
vascular function. Overall, important caveats to many of the
observations made, as well as the limited number of studies in
both acute and chronic heating models, necessitate additional
studies be conducted that are comprehensive and well con-
trolled.
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1.3Methods of arterial function assessment

In this thesis, the term arterial function is used broadly to refer to endothelial
function,arterial stiffness, and arterial structure. There are a variety of methods to assess
each of these outcome measures. My studiesreséerence standard methods where
possible, including flonmediated dilation for the assessment of endothelial function and
pulsewave velocity and carotid artery distensibility for the assessment of arterial
stiffness. These techniques were chosen bedhageare nofanvasive, technically
feasible, and provide an indication of future CVD risk. Other methods are outlined in this
chapter to allow the reader to contextualize our findings with respect to that of previous

literature.

1.3.1Assessment of endielial function

Endothelial function refers to the capacity of the endothelial cells lining the
arterial wall torelease substances that regulate vasomotion, cellular adhesion,
thromboresistance, smooth muscle cell proliferation, and vessel wall inflaonr(@jti
Most methods of endothelial function assessment foctlseomeasurement afterial
vasodilation, as it immore observable and quantifialihevivo comparedo the other
processes listeabove Greater increases in artery diameter or perfusion in response
pharmacological or sheamduced vasodilat releasareindicative of betteendthelial
function(9, 12) Endothelial function can be assessed in both the manob

microvasculature.
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1.3.1.1Cardiac catheterization

Cardiac catheterization &well-controlled but invasive method of assessing
endothelial functionlt involves inserting a catheter intoe coronary arteries and
infusing pharmacological’asoactiveagents such as acetylcholineNomethylarginine
(L-NMMA) and then subsequently observing changes in artery diausater
guantitativeangiography(12, 13) Due to themedical expertise required andks
involved,this procedure isow rarely usedn research settingespecially considering
that many other less invasive surrogate measures are adequate indicators of coronary

endothelial functior{12).

1.3.1.2Venous occlusion plethysmography

Venous occlusion plethysmograpsiynilarly uses changes in foreaonleg
volumei a surrogate for perfusidnunder different pharmacologicabnditionsas an
indicator ofendothelial functiorf9, 12, 14) In this technique, pneumatic cuffs are
inflated around thelistal and proximal limisuch that arterial inflow ipermittedbut
venous outflow ivlocked Strain gauges are wrapped around the widest part of the
forearm to measure changesésistanceorresponding to changeslimb volumein
response tthe administration afiifferentstimuli. Examplef stimuli includevasoactive
agonists and antagonistsnb height adjustments, postural changes, and isolated
muscular contractiond4). Increasedimb volume is indicative oincreased/asodilation,
andthereforejmproved endothelial function. While less invasive than cardiac

catheterization, venous occlusion plethysmograpigchnically challengingnd
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difficult to standardizeacross lalgsand its clinical relevance has been called into question
becausehangesn forearm blood flow reflect the microvascular circulation rather than

the diseassusceptible peripheral conduit arter{@%

1.3.1.3Flow-mediated dilation

Flow-mediated dilatiorfFMD) is the reference standard assessment of
macrovascular endothelial functidn an FMD test, ultrasound imaging is used to
captureconduitartely diameterto quantify the degree wwhich the artery is able to
expand or dilate in response to increased shear sivgsgumatic cufivrapped distal to
the artery site of interest is inflated to suprasystolic lewss Z00 mmHg) for 5 minutes
to generate an ischemic stimulus that ressml adramatic increase inlood flow, and
consequently shear stress, to the distal limb when the cuff is reledsadound mages
areobtainedfor 30 to 60 seconds at reptior to cuff inflation,as well as 3 minutes after
cuff release to ensureahpeak vasodilation is captured. FMDyipically expressed as a
percentage change in arterial diamé#dD) relative to baselindD (15), butallometric
scaling procedures that account for the logarithmic relationship between resting AD and
changes in AD can be applied during statistical anatggpermit assessments across
individuals with different caliber arteri€$6, 17) The FMD testis completely non
invasive andcan be performed oseverabperipheral arteries, including the brachial,
superficial femoral, and popliteatteries However, it ismost commonly conducted on

the brachial arterpecause of its clinical significan@e this site Epidemiological studies
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show that BA FMD is predictive of future cardiovascular events, such that every 1%

increase in FMD is assated with a 13% reduction in rigk8, 19)

1.3.14 Laser doppler flowmetry and iontophoresis

Laser doppler flowmetrfl. DF) coupled with iontophoresis atcetylcholine
(ACh) and sodium nitroprusside (SNP) can provide an indication of microvascular
endothelial functionACh and SNP are endothelivdependent and independent
vasodilators, respectively; therefoeegecreasen peifusion with ACh without a
concomitant change in perfusion with Sk signifyendothelial dysfunctio(20).
Changes in perfusiomsing this methodre quantified by arbitrary units of fluthis value
can also be expressad a percentage of maximal vasodilation either by iontophoresis of
a nitrovasodilator or in response to-42 °C local heatingor a percentage of maximal

cutaneas vascular conductancalculated as flow divided by mean arterial pres$2og

1.3.15 Circulating factors

Other methods to assess endothdliattion that focus ofunctions other than
vasodilation involve measuring circulating factors in blood serum or plasma or in cell
exposure studieg€ndothelial function is maintained by the appropriate balance of anti
atherogenic (e.g., nitriaxide, endotheliunderived hyperpolarizing factor, prostacyclin)
and preatherogenic (e.g., endothelin NFa B prostanoids, angioter
enzyme) factors in the arterial milieall of which can be measured using various assays

targetingphosphoylation status oproteinor mRNA levels(9). While these factors are
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valuable for providing mechanistic insigtiiere aresomedrawbacks tdheir use and
application Serum and plasma measures have been criticized for reflecting the systemic
circulationmore broadly and is difficult to ascertain that any changes obsemmwed
differences are directly and exclusivelifributed toendothelial celfunction(21).

Circulating factors can also be measured in plated and cubndetheliakcellsi usually

from human umbilical veigi which allows for the administration ekperimental

protocols thatise chemicals or stimuli thatight otherwise be lethah vivo (22i 25).

However, he tight expamental controbfforded by this methodomes at the cost of not
knowing whether any responses seen will translaite ¥o/0 scenarios which involve the

integration of all body systems.

1.3.2Assessment of arterial stiffness

Arterial stiffness describes the elasticity of the arterial Wadthniques used to
measure arterial stiffnesse based oaither the transmission/propagation model or
pulsation/distension mod&6). Changes in arterial stiffness caocur througleither
structural alterations in the elastin and collagen composition of the arterial wall, or
functional alterabns in vascular smooth muscle tone as a reswélddlar signaling
favouring the release of constrictors (e.g., angiotension Il, endothelin, oxygenases, etc.)
rather than dilators (e.g., nitric oxide, endotheliderived hyperpolarizing facto(27).
Most methods of assessing arterial stiffness do not allow for the discrimination of the
mechanism responsible for change, $mrhe information can lgeanedased on the

time frame of assessme/egulation of the synthesis and breakdown of structural
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components of the arterial wall is a dynamic but slow pro(Zg&s Therefore, it can be
inferred that if arterial stiffness changes acutely, it idyikieie to cellular signaling and
changes in vascular tone; whereas if arterial stiffness changes chronically, it can be due to

either of the mechanisms or a combination of both.

1321Ar teri al compl i andgifnessiddexst ensi bility, an
Compliart e , di st e nsifindss indéextang all maasues @f local arterial

stiffness, and are most commonly assessed in the common carotid artery(P8CA)

These measures fall under the pulsation/distension model of arterial stiffness assessment.

Compliancas the absolutehange in CCA diameter for a givehange irpressurg

whereas distensibility further accounts for minimartery diamete(28). -stiffness

index is the logarithmic value of relative pressure divided by the relative change in

arterial diamete(29). In the labthese outcomes are measured usitrgsound imaging

and applanation tonometry in tandem on opposing sides of the body to collect images and

pressure waveformsespetively, from the CCAs in the neck. Data from 10 heart cycles

is used to calculate each of the stiffness me(@83 Greater compliance and

di stensibility are indicatistéfnessindeais mor e el

indicative of a less elastic artery.

1.3.2.2Pulsewave velocity

Pulse wave velocitfPWV) is the speed at which a pulse travels through an

arterial segment, and it is a measure of regional arterial stifffileissmeasure falls under
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the transmission/propagation model of arterial stiffness asses<Paeotid to femoral

PWV is most commonly portedand established as the reference standard assessment of
arterial stiffnesdecause it holds clinical significanC(eh o s e who possess a ¢
m/s are thought to be at risk fodeveloping CV disease, and every 1 m/s increase in

cfPWV is associatéwith 14%, 15%, and 15% increases in risk of total CV events, CV
mortality, and alcause mortality, respective(80, 31) However, PWV can also be

assessed in the upperdalower limbs between the carotid to radial arteries and femoral to
tibialis posterior or dorsalis pedis arteriébereference standagtotocol for the

measurement of PWV involves two applanation tonomeiedsthe simultaneous

coll ection of appr oxi ma t-quality prés€ure wavefarmis. cy c |l e
The surface distance between the two pulse sites of interest are divided by the average

time delay between the foot of the waveforms for each logele to yield a PWV value

(30).

1.3.2.3.Cardicankle vascular index

Cardicankle vascular index (CAVI) is a nanvasive metric of arterial stiffness
thatcombinesthpr i nci pl es of p u-btifness index. b esgeade,otsi t y a
an e x p a mssffnessnndex fn thét it is a measure that is independent of blood
pressure, buhdicative ofwhole-bodystiffness,from the heart to the ank(82, 33)
CAVI is a commonly used measure in Japdrereportable machinethat can provide
this stiffness estimatare widely distributed32). The method involves placing ECG

electrodes on both wrists, a micrapie on the sternum, and four blood pressure cuffs to
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wrap around each extremity. Data collection is automated and does not require technical
expertisg32, 33) CAVI is theoretically appealing because of the ability to account for
blood pressure, which may influence PWV; however, in practice, it is a weaker predictor
of health outcomes likely because blood pressure is such a strong predictor of mortality
(34). For this reason, PWV remains the recommended method of arterial stiffness

assessment.

1.3.3Assessment afterial structure
1.3.3.1Carotidintima-media thickneséIMT)

Arterial structure describes the composition of the layers of the arterialnvall.
manychronic disease conditionthe final stage of arterial deterioration that occurs prior
to the accumulation of plaque is the thickening of the intineglia layer of thearotid
arterial wallwhich can be measured using ultrasound imaBby cIMT increases with
age and is greater in those that suffer with chronic diseases like type 2 diabetes,
hypercholesterolemia, hypertension, and ob€8i#y41). Unlike metrics of endothelial
function and arterial stiffness, changesIlMT occur over the span of years. Rarely are
improvements itlMT seen in the relativelghortterm (i.e., 412 weeks) interventional
studies that are conducted in physiology rese&blanges in cIMT are clinically
significant: every 0.1 mm increase in cIMT is associated with-B8520 increased risk of
having a myocardial infarction and a-18% increased risk of having a strqie). cIMT
and arterial stiffness ammmrelated and share the same risk factous still provide

unique risk profiles because of the reliance of stiffness measures on blood p@#&3sure
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In the disease progressi@mwards atherosclerosis, arterial stiffngeserally precedes
increasing cIMTwhich represents the cumulative burden of risk factors accumulated

over the life spai@3).

1.4 Study dbjectives and hypotheses

The overarching goal of this thesis isstaluatethe effectiveness of local heat
therapy as a vascular heafiromoting interventiofooth acutely and chronically,
compared to and in conjunction with exercise training. Tégearch was conducted in
young, healthy recreationally active adultsClinapter 2 (Study 1) our objective was to
determine whether ankler kneelevel hot water immersion would be sufficiently
stimulating to change vascular function assessed botlylacal systemically in the
acute time frame. We hypothesizbat both protocols would result in improved vascular
function but with greater magnitude changes elicited by the-lave¢ condition In
Chapter 3 (Study 2) our objective was toomparethe vascular function responses to 8
weeks of local heat therapy, aerobic exercise training, or combined training and therapy.
We hypothesized that, compared to a control condition, all therapy and/or training groups
would have improved vascular function, bioat combined therapy and training would be
superior to either intervention alone.@mapter 4 (Study 3) our objective was to
determine if any relationships exist between the acute and chronic vascular function
responses to our interventions as a meansmadérstanding whether measures such as
flow-mediated dilation and pulse wave velocity have predictive potential for lifestyle

prescription. We hypothesized that acute vascular function responses to a bout of an
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intervention pretherapy and/or training wddibe able to predict chronic vascular

functionresponses posherapy and/or training.
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STUDY 1
Improvements in vascular function in response to acutewer limb heating in young
healthy males and females
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Improvements in vascular function in response to acute lower limb heating in
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Abstract

Regular exposure to passive heat stress improves vascular function, but the optimal heating prescription remains undefined.
Local limb heating is more feasible than whole body heating, but the evidence demonstrating its efficacy is lacking. The purpose
of this study was to determine whether acute improvements in vascular function can be achieved with lower limb heating in 16
young healthy individuals (8 female, 8 male). In separate visits, participants underwent 45 min of ankle- and knee-level hot water
immersion (45°C). A subset of seven participants also participated in a time-control visit. Endothelial function was assessed
through simultaneous brachial and superficial femoral artery flow-mediated dilation (FMD) tests. Macrovascular function was
quantified by %FMD, whereas microvascular function was quantified by vascular conductance during reactive hyperemia. Arterial
stiffness was assessed through carotid-femoral and femoral-foot pulse wave velocity (PWV). Plasma concentrations of interleu-
kin-6 and extracellular heat shock protein-72 (eHSP72) were used as indicators of inflammation. Our findings showed that 45
min of lower limb heating—regardless of condition—acutely improved upper limb macrovascular endothelial function (i.e., brachial
%FMD; Pre: 46+1.7 vs. Post: 5.4+2.0%; P = 0.004) and lower limb arterial stiffness (i.e., femoral-foot PWV; Pre: 8.4+1.2 vs. Post:
7.7+11 m/s; P = 0.011). However, only knee-level heating increased upper limb microvascular function (i.e., brachial peak vascular
conductance; Pre: 6.3+2.7 vs. Post: 7.8+3.5 mL/min s> mmHg; P < 0.050) and plasma eHSP72 concentration (Pre: 12.4+9.4 vs.
Post: 14.8+9.8 ng/mL; P < 0.050). These findings show that local lower limb heating acutely improves vascular function in
younger individuals, with knee-level heating improving more outcome measures.

NEW & NOTEWORTHY This study demonstrates that lower limb hot water immersion is an effective strategy for acutely improv-
ing vascular function in young, healthy males and females, thereby encouraging the development of accessible modes of heat
therapy for vascular health.

arterial stiffness; endothelial function; heat therapy; passive heat stress; perception

INTRODUCTION

Experimental research on repeated exposure to passive
heat stress (i.e., a chronic model) has consistently demon-
strated beneficial effects on vascular function in young,
healthy individuals (1-7). Despite these positive findings, pas-
sive heat stress is relatively underutilized as a health-promot-
ing intervention. Most existing heat therapies involve whole
body protocols, which are not ideal for several reasons. The
equipment required for whole body heating is typically ex-
pensive (e.g., sauna or hot tub) or accessible only with addi-
tional subscriptions (e.g., gym membership). Furthermore,
whole body heating as performed in experimental studies has
been reported as thermally uncomfortable, which may limit
longer-term adherence to this therapy (8-10). Similar to
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exercise prescription, heat stress can be modified based on
several parameters to determine the magnitude of physiologi-
cal stress (11). Stimulus localization is a prescription parame-
ter that contributes to heating intensity and may be leveraged
to tackle the barriers that prevent widespread adoption of
heat therapy. For example, lower limb heating is an appealing
alternative to whole body heating because it may be more fea-
sible and tolerable for the general public, and some research
has shown that only a limited proportion of body mass needs
to be heated to observe some of the beneficial vascular
responses to heating (12-14). However, the exact amount of
body mass that needs to be heated to elicit improved vascular
function remains undetermined but may be linked to a mini-
mum magnitude of heating-induced core temperature (T.)
change required, as seen in the cutaneous vasculature (15).
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§)) ACUTE LOWER LIMB HEATING AND VASCULAR FUNCTION

Owing to protocol variability, studies examining the acute
impact of passive heat stress yield mixed results. With acute
heating, macrovascular endothelial function has been shown
to increase in some (16-18) but not all instances (19-21)
in the brachial artery (BA), whereas the superficial femoral
artery (SFA) appears resistant to change (13, 20, 22). In con-
trast, microvascular function has been shown to increase in
some (13, 17) but not all instances (19-21) in both the BA and
SFA. Arterial stiffness has also been shown to decrease when
examined in the upper limb (23) or whole body (12), but not
in the central or lower limb segments (23). Another factor
that may impact vascular function is the inflammatory pro-
file. Although elevated basal concentrations of inflammatory
markers such as interleukin-6 (IL-6) and extracellular heat
shock protein 72 (eHSP72) are linked to cardiovascular dis-
ease, acute transient elevations through exercise or heat
therapy may improve the basal inflammatory profile, and
thus, vascular function (24, 25).

To overcome the barriers to participation in heat therapy,
it is important to demonstrate the efficacy of acute local
lower limb heating protocols. Determining the minimum
effective dose of heating needed to elicit an acute vascular
response may contribute to the development of heat thera-
pies for those who are more sensitive to thermal stimuli.
Therefore, the purpose of this study was to compare the
acute vascular function responses to ankle- and knee-level
lower limb heating. We hypothesized that both lower limb
heating protocols would elicit acute improvements in vascu-
lar function, but that the magnitude of change would be
greater with the knee versus the ankle condition.

METHODS

All experimental testing sessions took place at the Vascular
Dynamics Lab at McMaster University in Hamilton, Ontario,
Canada. This study was approved by the Hamilton Integrated
Research Ethics Board (reference no. 5269) and registered with
ClinicalTrials.gov (identifier no. NCT03618524). Participants
provided informed written consent before undergoing any
part of the study.

Participants

Sixteen young healthy recreationally active adults (8 male,
8 female; 24 £ 2 yr old) between the ages of 18-35yr old par-
ticipated in this study. All were classified as normal weight
and normotensive (Table 1). Females were tested either dur-
ing the early follicular phase (i.e., days 1-7) of their natural
menstrual cycle (N = 1) or during the “no hormone/placebo”
phase of their hormonal contraceptive cycle (pill: N = 5, ring:
N = 2) when they would be experiencing withdrawal bleed-
ing. Exclusion criteria included current smoking and/or
drug use; a history of cardiovascular, musculoskeletal, or
metabolic disease; and for females, having an irregular men-
strual cycle (> 40days) (26). Sample size was calculated a
priori based on prior research by Tinken et al. (18), who
observed large-sized effects (d =0.90) of local forearm heat-
ing on the acute BA FMD response in young, healthy men
(mean + SD: 4.6+0.9 vs. 8.1£5.4%). For the current study,
using the same baseline value of 4.6%, more conservative
anticipated responses of 1% (ankle) and 2% (knee) with a
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Table 1. Participant characteristics

Variable N=16
Sex, male/female 8/8
Age, yr 24+2
Height, m 174041
Body mass, kg 711133
BMI, kg/m? 233438
Resting SBP, mmHg M0+6
Resting DBP, mmHg 63+4
Resting MAP, mmHg 81+4
Resting HR, bpm 55+9

All data are expressed as mean + SD. N = 16 participants. BMI, body
mass index; DBP, diastolic blood pressure; HR, heart rate; MAP, mean
arterial pressure; SBP, systolic blood pressure. For each participant,
resting blood pressure and HR were averaged across all their visits.

common standard deviation of 1.2 calculated from prior
work in our laboratory (16) was chosen to reflect the potential
impact of a more distant local leg heating protocol. Given
>80% power to detect differences of this magnitude and « =
0.05, 16 participants were required.

Experimental Design and Protocol

This study employed a within-subjects interventional
design involving three visits to the laboratory. At the first
visit, written informed consent was obtained followed by
familiarization with the laboratory environment and proto-
cols. The left BA and SFA were scanned to assess image qual-
ity, then simultaneous BA and SFA FMD tests were
conducted to ensure tolerance during the data collection ses-
sions. At the second and third visits, participants came to
the laboratory to undergo the experimental heating inter-
ventions. Additionally, seven of our 16 participants also
underwent a third time control condition (Con) on a fourth
visit to assess the impact of supine, bent-leg lying alone (i.e.,
without water immersion) on our main vascular outcome
measures. Prior to these visits, participants were instructed
to do the following: 1) abstain from moderate to vigorous
physical activity for > 24 h, 2) abstain from alcohol, caffeine,
and food for >8h, and 3) ingest a wireless telemetric T, pill
with water 2-3 h before the scheduled visit time.

Upon arrival, anthropometric measurements were taken,
and participants were asked to wear a fitted sensor belt
(EQO2 + LifeMonitor; Equivital by Hidalgo, Cambridge, UK)
around the chest before lying on the testing bed for 10 min of
supine rest. During this period, participants were instru-
mented with two sets of single-lead ECG connected to each
of the ultrasound machines (Vivid q; GE Medical Systems,
Horten, Norway); three skin temperature (Ty,) probes affixed
to the right foot, calf, and forearm (MLT422/AL probes with
ML309 thermistor pods; AD Instruments, Colorado Springs,
CO); and a finger cuff wrapped around the right middle fin-
ger for continuous photoplethysmographic hemodynamic
measurements (Finometer MIDI and Beatscope software;
Finapres Medical Systems, Amsterdam, The Netherlands).
Additionally, the Equivital system provided an ECG signal
and T, reading from the wireless pill ingested. All raw data
were synchronously collected using a data acquisition unit
and linked software (PowerLab PL3516 and Labchart 8; AD
Instruments; Colorado Springs, CO). After the rest period,
discrete resting blood pressure was taken in triplicate
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