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ABSTRACT

Heat therapy is a historic modality that has been used as a source of lifestyle intervention and community for many different
cultures. Over the last ~40years, heat therapy has gained increasing popularity among scientists and clinicians as a potential
therapeutic tool for aging and disease. Recently, several systematic reviews and meta-analyses have sought to encompass specific
aspects investigated in the scientific literature surrounding this ancient therapeutic modality, with each review having a primary
focus on one beneficial aspect of heat therapy. This review aimed to provide a more comprehensive review of the scientific litera-
ture on heat therapy. To accomplish this, we have included studies that demonstrate clear beneficial adaptations (and those that
show no effect of heat therapy) on specific organs, crosstalk between different organs and tissues, and integrated physiological
systems and pathways. Furthermore, we also discuss what forms of heat therapy confer beneficial adaptations and for which
populations these benefits occur. Where possible, we identify specific signaling mechanisms through which heating a tissue
or raising internal body temperature results in a multitude of beneficial adaptations. Lastly, this review also emphasizes those
investigations that have shown little or no benefit of heat therapy. The overarching aim of this review was to provide scientists,
clinicians, and the lay public with a current consensus on the benefits and limitations of heat therapy as a healthy lifestyle inter-

vention for a variety of persons and health conditions.

1 | Introduction

Heat therapy is a historic modality that has been used for hun-
dreds, if not thousands of years, as a source of lifestyle inter-
vention and community for many different cultures (Laukkanen
et al. 2015). Over the last ~40years, it has gained increasing pop-
ularity among scientists and clinicians as a potential therapeu-
tic tool for various populations and health conditions. Recently,
several systematic reviews and meta-analyses have sought to en-
compass specific aspects of the scientific literature surrounding
this ancient therapeutic modality, each primarily focused on one
beneficial aspect of heat therapy.

This review aimed to provide a more comprehensive evalua-
tion of the current literature on heat therapy, including studies

that demonstrate clear beneficial adaptations (and those that
show no effect of heat therapy) on specific organs, crosstalk
between different organs and tissues, and integrated physio-
logical systems and pathways. We also propose that, based on
current evidence, it is essential that we identify what forms
of heat therapy confer beneficial adaptations and for which
populations these benefits occur. Where possible, we identify
specific signaling mechanisms through which heating a tissue
or raising internal body temperature results in a multitude of
beneficial adaptations. Lastly, this review has sought to em-
phasize when studies have shown little or no benefit. This
review was framed to address the current available research
and gaps in the current literature. We focused primarily on
studies from human subjects but included studies utilizing
animal models when human data were lacking and to better
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flush out the mechanistic pathways. Although scientific re-
searchers were the main target audience for this review, we
have endeavored to make the content accessible and practical
for clinicians and public health practitioners as well. We aim
to provide scientists, clinicians, and the lay public community
with a current consensus on the benefits and limitations of
heat therapy as a healthy lifestyle intervention.

2 | Defining Heat Therapy

Given the various intentions for utilizing repetitive heat ex-
posures (e.g., heat acclimation, acclimatization, heat events,
and heat therapy), we propose revising the terminology used
to describe various heat exposures for coherence and to define
the scope of this review. Understanding and better defining
chronic heat exposure terminology is also essential to dissem-
inating the scientific results to the scientific community and
the public.

We propose that the overarching goal of heat therapy or heat
acclimation/acclimatization is to gain a heat-adapted pheno-
type. This can be defined as the physiological and cellular
adaptations an organism develops through the process of re-
petitive or chronic heat exposure. We wish to further define
heat therapy as chronic, intermittent heat exposure with the
explicit intent to improve health and wellness, prevent disease,
and promote healing. We have elected not to place limits on
this description based on the number of exposures or the time
frame of heat therapy. However, the Frequency, Temperature,
Duration, and Modality of heat therapy, also known as the
FTDM principle, must be considered when evaluating the ef-
fectiveness of heat therapy in generating adaptations. We are
aware some in the field (Rodrigues et al. 2025) have proposed
the use of the FITT (frequency, intensity, time, and type) prin-
ciple, adopted from exercise programming, to describe a pre-
scriptive method for heat therapy. We assert that the adoption
of the FTDM principle phrasing allows for differentiation be-
tween exercise and heat therapy, in addition to providing a
more specific prescriptive matrix that can ideally be used by
clinicians.

Studies on how a single or limited number of heat exposures
can impact health biomarkers may be vital to understanding
the physiology of acute heat exposure or recovery from heat
stress. They also assist in hypothesis generation (e.g., how
acute heat exposure may translate into improved organ sys-
tem or whole-body health). However, such studies are not the
focus of this review. Importantly, there is growing interest in
whether an individual's response to a single heat exposure can
predict their lasting benefit with chronic exposures (Romero
et al. 2022). Although an intriguing concept, as seen in the
data we present, minimal literature directly supports this
treatise.

In contrast to heat therapy, we define heat acclimation (expo-
sures in a laboratory environment) or heat acclimatization
(exposures to a natural environment) as repeated exposures to
heat to improve heat tolerance during exercise and work in hot
conditions.

Heat-Adapted Phenotypes

Repeated heat

stress Local Whole Body
Adaptation Cells Tissue Systems
across
Exercise Performance,
Beneficial
Hgalth and Wellngss, Work Capacity
outcomes Disease Prevention,
Healing
T Heat Acclimation
Intervention Heat and Acclimatization
Terminology Therapy

FIGURE 1 | Overlapping concepts of the heat-adapted phenotype.
Repeated exposure to local heat stress elicits cellular adaptation, which
can be observed at the tissue level, whereas whole-body exposure re-
sults in adaptations at cellular, tissue, and systemic levels. These per-
mutations of the heat-adapted phenotype can be leveraged to promote
health and wellness, prevent disease, and facilitate healing. Heat ther-
apy involves the specific, repeated application of heat to achieve these
beneficial outcomes, at levels determined by the extent of the heat stress
(local vs. whole-body). These permutations, when they encompass
systems-level adaptations from whole-body exposure, can promote ex-
ercise performance and work capacity. Heat acclimation/acclimatiza-
tion involves the specific, repeated application of whole-body heat ex-
posure to achieve these beneficial outcomes.

Both heat therapy and heat acclimation/acclimatization can be
further divided into passive heat exposure (not accompanied by
exercise) and active heat exposure (accompanied by exercise).
There are relatively few studies that have investigated heat
therapy with the addition of exercise. However, we predict (and
hope) that there will be more research on this aspect. There are
limited yet promising examples where exercise and heat expo-
sure may confer more health or healing benefits to a given pop-
ulation than either modality alone. One example is for people
with a spinal cord injury, who may not gain the full benefits
of exercise training. Here again, there is a dearth of relevant
research. Thus, most of the research discussed in this review,
geared toward the target audience of scientific researchers, will
be on passive heat therapy modalities. We have summarized
each aspect of a heat-adapted phenotype in Figure 1.

Lastly, it is crucial to recognize that a heat-adapted phenotype, via
heat therapy or heat acclimation/acclimatization, may confer pro-
tection from a climatic heat event, thereby preserving health and
wellness or work capacity. Much heat therapy literature has fo-
cused on cardiovascular, autonomic, skeletal muscle, metabolic,
mental, or cognitive health, not protection from climatic heat
events. Few studies have explicitly examined how a heat-adapted
phenotype, gained from repetitive heat exposures that are beyond
traditional heat acclimation protocols, confers heat protective
benefits during a climatic heat event (see Rodrigues et al. 2024 for
a thorough review of this topic). We are aware of ongoing studies
investigating these topics. It is an important and exciting area of
research, but it is beyond the scope of this review.
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3 | Modalities of Heat Therapy

The numerous modalities of heat therapy have deep cultural
roots, having been implemented for centuries for health im-
provement and community gathering across many cultures
(Laukkanen et al. 2015). In this section, we provide a brief
overview of different heat therapy modalities, which can be
visualized in Figure 2. Later in this review, we will discuss
scientific investigations of the health benefits associated
with each.

3.1 | Finnish Sauna

Finnish sauna bathing is a cultural ritual utilized for thou-
sands of years (Laukkanen and Kunutsor 2024). Finnish sauna
is characterized by high temperatures of 80°C-100°C in dry,
well-ventilated environments (Heinonen & Laukkanen, 2018).

Humidity is temporarily increased with water application to the
hot rocks or heating elements inside the sauna, but on average
remains below 20% (Laukkanen, Kunutsor, et al. 2018). Sessions
can be interrupted for a cold exposure, such as a cold plunge,
cold shower, or rest in a cool room, followed by a return to the
heat exposure (Heinonen & Laukkanen, 2018). Frequency of
participation in this ritual ranges from one to seven sessions per
week, and the time (accumulated duration) of exposure varies
from ~10 to 20 min per session (Laukkanen et al. 2015). However,
there are many different variations in the protocols that indi-
viduals follow. As this is a cultural ritual in Finland, everyone
from children to older adults participates, with societal norms
reinforcing this lifelong habit and the human interactions gener-
ating additional health benefits (Heinonen & Laukkanen, 2018).
As this practice has spread to other countries and cultures, there
has been less of an emphasis on the cultural and community
aspects of Finnish sauna bathing and more on relaxation or indi-
vidual health benefits. Finnish-style dry saunas are commonly
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FIGURE2 | Each of the modalities highlighted in this figure has been discussed in detail in the modalities section of this review. To note, the local

water immersion includes arm immersion, lower leg, and ankle/foot immersion. Created with Biorender.

Comprehensive Physiology, 2026

3 of 52



installed in public and private gyms in the United States. Using
the sauna after exercise has become a common practice in that
setting.

Much of our knowledge regarding the cardiovascular health
benefits of heat therapy comes from the Finnish Kuopio
Ischemic Heart Disease Risk Factor Study, a prospective co-
hort study (Laukkanen et al. 2015). Laukkanen and colleagues
prospectively analyzed 2315 middle-aged men, using a self-
administered questionnaire at baseline (Laukkanen, Kunutsor,
et al. 2018), with annual follow-ups over a median length of
nearly 30years (Laukkanen et al. 2015). This work has led to
a robust scientific understanding of the association of Finnish
sauna bathing frequency and session time for many health con-
ditions and outcomes (e.g., hypertension, vascular health, men-
tal health) (Laukkanen et al. 2015, 2017; Kunutsor et al. 2018;
Laukkanen and Laukkanen 2018; Laukkanen, Laukkanen, and
Kunutsor 2018; Lee et al. 2018; Zaccardi et al. 2017). Although
the initial cohort only included middle-aged men, women were
added 11years into the study (Laukkanen, Kunutsor, et al. 2018).

From the initial cohort of men, they found that the cumulative
hazard ratio for sudden cardiac death was lowest in individu-
als who participated in Finnish sauna sessions 4-7 times per
week, for more than 19 min per session (Laukkanen et al. 2015).
These findings were validated in a second cohort that included
women, underscoring the efficacy of lifelong Finnish sauna
use for promoting and maintaining cardiovascular health
(Laukkanen, Kunutsor, et al. 2018). Subsequent investigations
generalized the dose-dependent responses to additional health
outcomes (Laukkanen et al. 2015, 2017; Kunutsor et al. 2018;
Laukkanen and Laukkanen 2018; Laukkanen, Laukkanen, and
Kunutsor 2018; Lee et al. 2018; Zaccardi et al. 2017). One major
limitation of this work is its translatability to other populations,
given the commonality of the deep cultural roots in Finland
and the human interactions specific to its practice there.
Nonetheless, these are powerful and informative studies on heat
therapy's health and longevity benefits when part of a lifestyle.

3.2 | Onsen Bathing and Balneotherapy

In Japan, naturally occurring hot springs were developed into
community-oriented locations for hot water immersion known as
onsen over 2000years ago (Serbulea and Payyappallimana 2012).
These became popular owing to the purported healing proper-
ties of the hot springs (Serbulea and Payyappallimana 2012).
In 1948, the Hot Spring Law was passed, which defined an
onsen as a natural spring that contained a specified amount
of at least one of 19 predefined naturally occurring chemicals
(later reduced to 9 types in 1979) with a maintained tempera-
ture of >25°C (Serbulea and Payyappallimana 2012). Despite
the widespread use of onsen bathing in Japan, few population-
based studies on its health benefits exist. One report found that
individuals who engaged in onsen bathing have reduced arte-
rial stiffness (Kohara et al. 2018). Another found that the risk
of hypertension in women, as well as all-cause cardiovascular
disease risk in men, was reduced in individuals who regularly
engaged in onsen bathing (Maeda et al. 2018). Serbulea and
Payyappallimana (2012) have provided an informative review of
Japan's history of onsen use.

Balneotherapy is a form of water immersion therapy similar to
an onsen. Commonly used in health resorts, it has several mon-
ikers, depending on the substances in the water and the region
(Verhagen et al. 2015). For example, it can be referred to as med-
ical mineral waters when it contains peloids (a mixture of fine-
grained materials such as mud or clay) and natural gases such
as carbon dioxide or hydrogen sulfide (Verhagen et al. 2015).
Water temperature varies, but sometimes the thresholds <35°C,
35°C-36°C, and >36°C are used to specify thermal levels
(Verhagen et al. 2015). While the data on health outcomes, de-
tailed in a review of the effects of balneotherapy and rheumatoid
arthritis, are largely equivocal (Verhagen et al. 2015), a report by
Oyama and colleagues (Oyama et al. 2013) found improvements
in clinical symptoms in chronic heart failure patients, following
2weeks of daily 10-min balneotherapy bathing in a hot spring
with a temperature of 40°C (Oyama et al. 2013). Due to the large
variance in frequency, temperature, and duration, not to men-
tion the different types of balneotherapy baths, a consensus on
adaptations or health improvements has yet to form.

3.3 | Hot Tubs and Other Hot Water Immersion
Modalities

In the United States, the use of hot tubs grew after the 1940s, in-
spired by Japan's cultural practices. The development of less ex-
pensive fiberglass shell hot tubs in the 1970s led to exponential
growth in their availability and use (https://en.wikipedia.org/
wiki/Hot_tub, n.d.). Hot water immersion has been a standard
modality for heat therapy in clinical interventions in the United
States for the past 25years (Hooper, 1999). Water is an efficient
heat conductor, and immersion in hot water effectively increases
body core temperature (Brunt and Minson 2021). It has been
employed in a variety of ways: from the shoulder down (Brunt,
Eymann, et al. 2016; Brunt, Howard, et al. 2016), waist down
(Thomas et al. 2017, 2016; Richey et al. 2022), lower leg (Romero
etal. 2017; Chengetal. 2021; Coombs et al. 2019), and ankle down
(Cheng et al. 2021, 2024; Dong et al. 2010), sometimes varying
conditions within a session. For example, Brunt and colleagues
utilized hot water immersion from the shoulders down until the
target core temperature was reached, then repositioned to waist-
down immersion to maintain temperature within a 90-min ses-
sion (Brunt, Eymann, et al. 2016; Brunt, Howard, et al. 2016).
This modality of heat exposure has been studied extensively
in several populations, investigating a variety of questions:
heat adaptation (Fox et al. 1963a, 1963b), cardiovascular out-
comes and molecular adaptations in physically inactive young
adults (Brunt, Eymann, et al. 2016; Brunt, Howard, et al. 2016;
Brunt et al. 2018), cardiovascular and metabolic outcomes in
women with polycystic ovary syndrome (PCOS; Ely, Clayton,
McCurdy, et al. 2019), metabolic outcomes in older adults at risk
for Alzheimer's disease (AD; Blankenship et al. 2025), and oth-
ers. The water temperature for these studies has ranged from
37°C to 41°C, with session times ranging between 30 and 90 min
(Hooper, 1999; Brunt, Eymann, et al. 2016; Brunt, Howard,
et al. 2016; Brunt et al. 2018; Ely, Clayton, McCurdy, et al. 2019;
Blankenship et al. 2025; Ely, Clayton, et al. 2019). Most studies
using this modality of heat therapy have been performed under
laboratory supervision in a controlled laboratory space. We cur-
rently lack the rich data from population-based studies on hot
tub use that exists for Finnish sauna bathing.
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In an attempt to adapt hot water immersion to a practical, de-
ployable home-use intervention, circulating water baths have
been used to heat the lower legs (Romero et al. 2017; Richey,
Hemingway, et al. 2024; Akins et al. 2024) or feet and ankles
(Cheng et al. 2021, 2024). This heating modality increases body
core temperature moderately compared to increases that occur
with other whole-body immersions (Romero et al. 2017; Cheng
et al. 2024).

Water immersion in its many forms (onsen, balneotherapy, hot
tubs) provides high rates of heat transfer but also imposes higher
hydrostatic pressures than sauna or lower limb immersion.
These hydrostatic pressures increase venous return (Brunt and
Minson 2021), which should be considered when determining
which heating modality to employ.

3.4 | Far-Infrared Sauna

Far-infrared saunas have become increasingly popular in recent
years, with the commercialization of exercise classes conducted
in a room “heated” with far-infrared and low-cost home units
coming on the market. The full far-infrared range of the electro-
magnetic spectrum is between 3 and 1000 um (Fox et al. 1963a),
but the ceramic panels used as emitters in commercially avail-
able saunas are within a narrower range of 5-14 um (Vatansever
and Hamblin 2012; Qin et al. 2024). Far-infrared saunas use a
lower temperature setpoint (typically around 60°C-70°C) than
traditional saunas, and once the setpoint has been reached, the
far-infrared emitters cycle on and off. Thus, entering the sauna
while the unit is heating is recommended. Far-infrared radia-
tion is mainly absorbed by the molecular bonds of water in tis-
sue, increasing the temperature (Vatansever and Hamblin 2012;
Beever 2009). While it is widely suggested that the radiation
emitted from the ceramic panels will penetrate 3-4cm into
the peripheral tissues (Heinonen & Laukkanen, 2018; Dong
et al. 2010), a recent study investigated the depth of heat penetra-
tion within skeletal muscle using a commercially available far-
infrared sauna (Reed et al. 2025). In this study, the rise in muscle
temperature was less with increasing depth into the tissue and
was negligible beyond 3.8 cm below the skin surface. The ther-
mic effect had lessened by 63% at a depth of 2.4cm, which can
be considered the effective thermal penetration. Notably, muscle
temperature increased without changes in core temperature.

Atencio et al. 2025, compared the hemodynamic and thermo-
regulatory responses between far-infrared sauna, traditional
sauna, and hot water immersion. A 45-min far-infrared sauna
session did not result in an appreciable increase in core tem-
perature (as measured by an ingestible pill). Still, mean body
temperature (calculated as (0.8 « mean core temperature)+ (0.2
« mean skin temperature)) increased, and the participants lost
some body mass through sweating (Atencio et al. 2025). It may
be that far-infrared radiation can raise the temperature around
specific thermoreceptors within the spinal cord and skeletal
muscles such that a thermoregulatory response is observable in
the absence of changes in body core temperature.

Overall, the temperatures and duration of far-infrared sau-
nas have not been consistent across studies. Very few chronic
exposure studies have utilized far infrared in humans. More

studies have been conducted in cell cultures and animals
(Kohara et al. 2018; Maeda et al. 2018; Verhagen et al. 2015;
Oyama et al. 2013; https://en.wikipedia.org/wiki/Hot_tub, n.d.),
but these do not translate well to humans. However, Fuchs
et al. (2025) completed an 8-week far-infrared intervention in
which young healthy participants were “acclimated” by start-
ing heat exposures at 50°C for 35min and progressing over the
8-week intervention to 60°C for 45min. Others have also used
different lead-in periods for heat therapy, which is important to
consider depending on the population and the intensity of the
modality being used.

3.5 | Waon Therapy

Waon therapy also utilizes a far-infrared sauna (Kihara
et al. 2009; Kominami et al. 2020; Kuwahata et al. 2011; Miyata
et al. 2008; Miyata and Tei 2010; Shinsato et al. 2010; Sobajima
et al. 2015; Tei et al. 2007). This modality relies on 15min in an
infrared sauna at 60°C, immediately followed by a participant
being covered in blankets for an additional 30 min of supine rest
to maintain an elevated core temperature (Miyata and Tei 2010).
While this is often referred to as a far-infrared sauna modality
in the literature, it should not be considered an isolated far-
infrared exposure, as the second portion of the therapy, which
is not based on far-infrared radiation, is believed to be critical to
realizing the full benefit. The anticipated rise in core tempera-
ture is between 1.0°C and 2.0°C (Miyata and Tei 2010), whereas
isolated far-infrared may not increase core temperature.

Waon therapy was developed in 1989 as a therapeutic alternative
to traditional sauna bathing for individuals with heart failure.
The efficacy of this intervention for individuals with heart fail-
ure is evident (see the cardiovascular responses below). Indeed,
during a retrospective study, individuals with heart failure were
followed for 5years (Kihara et al. 2009). Those who completed
Waon therapy presented with a significantly lower incidence of
rehospitalization due to heart failure or cardiac death compared
to those who did not partake in Waon therapy (31.3% vs. 68.7%,
respectively) (Kihara et al. 2009). Furthermore, Waon therapy
is very successful in reducing cardiovascular comorbidities in
several other patient populations (Kihara et al. 2009; Kominami
et al. 2020; Kuwahata et al. 2011; Miyata and Tei 2010; Sobajima
et al. 2015; Tei et al. 2007; Fujita et al. 2011), as we note later in
this review.

3.6 | Bikram Yoga

Bikram yoga is a style of hatha yoga in which practitioners com-
plete 90 min of hatha yoga at a temperature of ~40°C with ~40%
humidity (Choudhury 2007). When interventions combine
physical activity and heat stress, it can be challenging to elu-
cidate which outcomes result from exercise, in this case, hatha
yoga, or heat exposure. An interaction of the two could also be
driving the beneficial adaptations.

A discussion of the specific benefits of Bikram yoga will follow
in later sections of this review, but collectively, it appears that
regular physical activity performed in hot and humid condi-
tions may improve health (Hunter, Dhindsa, Cunningham,
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Tarumi, et al. 2013; Hunter, Dhindsa, Cunningham, Hunter,
et al. 2013; Hunter et al. 2017, 2016, 2023, 2018). Some cross-
sectional evidence suggests regular Bikram yoga practi-
tioners have lower blood pressure than their age-matched
counterparts (Abel et al. 2012), and Bikram yoga appears to
improve health when performed in individuals with disease
(Hunter, Dhindsa, Cunningham, Tarumi, et al. 2013; Hewett
et al. 2015). This modality has been shown to improve met-
abolic health (Hunter, Dhindsa, Cunningham, Tarumi,
et al. 2013), and a number of investigations have focused
on the effects of Bikram yoga on vascular health across the
lifespan (Hunter, Dhindsa, Cunningham, Hunter, et al. 2013;
Hunter et al. 2017, 2016, 2018).

3.7 | Exercise and Heat Therapy

Combinations of exercise and heat exposure have been em-
ployed in heat acclimation protocols for those seeking to im-
prove athletic performance or work capacity, but less frequently
as heat therapy to promote health improvements. Hence, there
are limited data on the combined effects of exercise and heat
therapy, and more targeted investigations on exercise and heat
therapy interventions in populations with poor health or disease
are warranted.

Acutely, combined aerobic exercise and sauna use have been
reported to decrease blood pressure immediately following and
24h after the exposure (Rissanen et al. 2020). A combination
of exercise and traditional sauna has been shown to reduce
systolic blood pressure, total cholesterol, and increase cardio-
respiratory fitness compared to either exercise or sauna alone
(Lee et al. 2022). Akerman et al. (2019) investigated whether
heat therapy and calisthenics combined could improve health in
patients with peripheral artery disease and reported that there
were improvements in both blood pressure and walking dis-
tance that were comparable to their exercise-alone intervention.
Gayda, Bosquet, et al. (2012) examined the effect of exercise fol-
lowed by sauna in adults with untreated hypertension compared
to sauna alone and found that it also improved systolic blood
pressure.

3.8 | Pulsed Short-Wave Diathermy

Pulsed short-wave diathermy delivers high-frequency electro-
magnetic waves to heat tissue and has been widely used in tissue
and joint recovery (Goats 1989a, 1989b; Draper et al. 2013, 1999)
by physical therapists and athletic trainers. Recently, research-
ers have used it to study localized heat therapy (Kaluhiokalani
et al. 2025; Marchant et al. 2022; Hafen et al. 2019, 2018; Hyldahl
et al. 2021). Unlike infrared sauna, short-wave diathermy
penetrates and heats tissue deeper than that of far infrared
(Goats 1989a, 1989b). Another advantage of short-wave dia-
thermy systems is their ability to deliver either a continuous or
a pulsed output of heat stimulus (Goats 1989a). A shorter pulsed
output allows the tissue time for “recovery” from the stimulus
between each pulse, but with higher pulse frequencies and dura-
tions, the recovery time is shortened, making the stimulus con-
stant (Goats 1989b). Draper and colleagues (Draper et al. 2013)
reported that when they used a pulsed short-wave diathermy

(800 pulses per second and a pulse width of 400us) the tem-
perature in the triceps surae muscle increased ~4°C (Draper
et al. 2013). This increase in muscle temperature is indicative
of the adjustment in the tissue to the heat stimulus (Draper
et al. 2013). This large increase in tissue temperature defines the
diathermy as a “vigorous” heating implement capable of deep
thermotherapy, reaching a depth of 3-4cm (Draper et al. 1999).
Despite the substantial increase in muscle temperature and the
increase in skin temperature, this modality does not increase
body core temperature (Draper et al. 1999) making it the ideal
piece of equipment to isolate specific tissue regions and heat
over longer treatment durations.

3.9 | Water-Perfused Pants

Water-perfused suits were initially designed for whole-body
cooling of astronauts while wearing the Apollo space suit
(Brengelmann et al. 1977). Researchers have since adapted
water-perfused suits for research on thermoregulation and en-
vironmental physiology, as close spacing of the tubing that lines
the inside of the suit provides for effective heat exchange with
the participant (Brengelmann et al. 1977).

Thus, the suits have been used as a method of whole-body tem-
perature manipulation, but recently, partial suits (primarily the
pants) have been deployed as a means of heat therapy for aged
adults (Ruiz-Pick et al. 2025) and individuals with peripheral
artery disease (Monroe et al. 2020, 2022). Ruiz-Pick et al. 2025
employed this model for aged adults to determine whether leg
vascular function would improve following 8 weeks of home-
based heating. Participants were randomized into two groups: a
control group (31°C circulating water) and a heat therapy group
(51°C circulating water) (Ruiz-Pick et al. 2025). They were asked
to perform the control or heat therapy for 4days per week for
60min each session (Ruiz-Pick et al. 2025). Monroe and col-
leagues also used this method of intervention in their partici-
pants with peripheral artery disease (Monroe et al. 2020, 2022).
For their home-based intervention, they had their heat group
use the pants 7days per week, 90 min per session at a circulating
water temperature of 43°C (Monroe et al. 2022). Prior to this
intervention, they also used this heating method in the labora-
tory, where participants were asked to come in for 6 weeks and
perform either heating or sham 3days per week for a total of
18 sessions (Monroe et al. 2020). The water temperature for the
in-laboratory visits was 48°C and 33°C for the heat and sham,
respectively (Monroe et al. 2020). Interestingly, body core tem-
perature only marginally increased, with elevations of A 0.3-0.4
between the two studies (Monroe et al. 2020, 2022).

3.10 | Potential Risks of Passive Heat Therapy

There are several potential health and safety risks associated
with any form of heat therapy. These include the risk of over-
heating (including heat exhaustion or heat stroke), dehydration,
hypotension, and/or orthostatic intolerance, as well as the risk
of burns on hot surfaces. One study cited that the main causes
for injuries during sauna bathing were falls and reports of syn-
cope (Kaiser et al. 2023). Slips and falls also accounted for the
greatest number of injuries in hot tubs or spas in the United
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States between 1990 and 2007 (Alhajj et al. 2009). Skin burns
are also a potential risk, particularly for sauna use, in which
direct contact with hot surfaces is possible. There is also a pos-
sibility that exceptionally hot water may also cause burns, par-
ticularly at natural hot springs where the water temperature is
not controlled. Some clinical conditions, such as diabetes, pe-
ripheral neuropathies, and those with spinal cord injuries, may
have the additional risk of burns on hot surfaces as they may
have decreased temperature or pain sensitivity, or the integrity
of the skin and the physiological responses to dissipate direct
heat may be compromised.

Most of the heat-related risks are mitigated by following stan-
dard practices for each modality and by limiting the exposure
temperature and duration. Particularly for new or naive prac-
titioners, it is imperative to monitor thermal perception closely.
Although most people do not measure body temperature while
undergoing heat therapy, limiting exposure to a 2°C core tem-
perature rise will minimize the heat-related risks. A thermal
perception of feeling “hot” would be acceptable, but increasing
thermal perception to feeling “very hot” or “uncomfortably hot”
would increase heat-related risks. As with any activity, there are
additional risks for people with underlying disease conditions
(such as cardiovascular disease, diabetes, multiple sclerosis, and
kidney disease), those with reduced sweat production, such as
the very young and the elderly, and for those with spinal cord
injury. Some clinical conditions, such as diabetes, peripheral
neuropathies, and those with spinal cord injuries, may have the
additional risk of skin burns on hot surfaces as they may have
decreased temperature or pain sensitivity, or the integrity of the
skin and the physiological responses to dissipate direct heat may
be compromised.

In hot tubs and for those who service them, there have been re-
ports of “hot tub lung,” a form of hypersensitivity pneumonitis
where aerosolized water that is contaminated with mycobacte-
rium avium complex is inhaled. Reports of these conditions are
quite rare (and are mostly associated with poor maintenance of
the facility, Yasin et al. 2017).

There are very few studies on miscarriage in women undergoing
planned heat exposure, and the incidence is extremely low (Li
et al. 2003). Early in pregnancy, there is a concern that exposure
to higher temperatures could increase the risk of neural tube de-
fects (Chambers 2006). Again, the increased risk with planned
heat exposure is extremely low when general guidelines for safe
use are practiced. The risk of neural tube defects for a typical
pregnancy is about 1 in 1000, with some studies suggesting the
risk doubles to 2 in 1000 with exposure to higher temperatures,
such as hot tub water (Milunsky et al. 1992). That said, additional
care should be taken to limit the frequency, temperature, and
duration. For men, there have been reports of decreased sperm
motility following heat exposure (hot tub) which may temporar-
ily decrease the chance of conception (Shefi et al. 2007).

Alcohol use greatly increases the risk of minor injuries as well
as more serious injuries or death, although there are no com-
prehensive data on this. In Finland, it is reported that alcohol
use is a contributing factor to the reported 20-25 sauna-related
deaths per year (Ylikahri et al. 1988). Simply put, there are ben-
efits to heat therapy, but intelligent decision-making and caution

should be used to avoid the detrimental risks associated with the
various modalities.

3.11 | Modality Comparisons

As we have described, there are several modalities that can be
used in different ways for heat therapy. In the following sections,
we will discuss specific adaptations that have been reported in
various physiological processes. Comparing the effectiveness
of heat therapy modalities is subjective, as to our knowledge
no group has performed a heat therapy study comparing mul-
tiple modalities. Atencio et al. (2025) compared the acute dif-
ferences between hot water immersion, traditional sauna, and
far-infrared sauna. Based on their results, hot water immersion
elicits the greatest acute cardiovascular and immune responses,
but we fully acknowledge the limits of extrapolating from acute
studies to chronic implementation as a therapy. Another consid-
eration when comparing and choosing a heat therapy modality
should be the overarching goal of the heat therapy. If localized
improvements are the goal, then pulsed short-wave diathermy
would be the best option. Tables 1-3 provide a comprehensive
assessment of various modalities and their associated beneficial
or null outcomes.

When we consider the “safest” heat therapy modality, we must
first consider the accessibility of heat therapy modalities. For
example, the general population does not usually have access
to water perfused pants, but they do have greater access to a
sauna or hot tub. Therefore, the incidence of injury is going to
have a selection bias for those modalities that are more accessi-
ble. The authors of this manuscript advise all heat therapy users
to always follow safety recommendations for any modality they
employ.

4 | Does Heat Therapy Cause Long-Term
Adaptations in the Human Body?

Our goal with this section is to describe whether heat therapy
elicits long-term adaptations in humans. We will discuss the
potential cellular and molecular mechanisms that may drive re-
sponses in blood pressure, autonomic function, cardiovascular
health and function, skeletal muscle health and function, me-
tabolism, brain and cognitive function, sleep, and mental health
as summarized in Figure 3. We will review and discuss the re-
search published in each area and identify gaps in the research.
By clearly demonstrating the adaptations, or lack thereof, we
will be able to delineate which modalities elicit beneficial ad-
aptations and what populations and conditions benefit the most
or not at all. However, as noted above, not every modality of
heat therapy will increase temperatures in all regions or tissues.
This is a key aspect of the interpretation for each study we will
discuss.

5 | Cellular and Molecular Mechanisms: Potential
Drivers of Adaptations Following Heat Therapy

Adaptations to heat therapy occur in many organ systems. These
adaptations include several common cellular and molecular
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Benefits: cardiovascular,
metabolic, performance,

References

mental health, etc.

Temperature treatment Participant population

Duration

Frequency

Monroe et al. (2022)

Functional capacity and
walking performance

43°C 8weeks Adults with PAD

90min

7 days/week

(40-80years)

Kim, Monroe, et al. (2020),

Heat shock proteins,
proangiogenic environment

52°C 8weeks Adults (24 + 5years)

90 min

5days/week

Kim, Reid, et al. (2020)

Blood pressure and Ruiz-Pick et al. (2025)

Adults (67 + 7 years)

51°C 8weeks

60 min

4days/week

cardiovascular

Vascular Carter et al. (2014)

40°C 8weeks Adult males (26 + 3 years)

30min

3days/week

Abbreviations: A, change; nPAD, peripheral artery disease.

2Compared exercise intervention.

5400 and 800 pulses for diathermy.

pathways that drive these changes. There is also substantial
interorgan communication by which adaptations in numerous
tissues are simultaneously affected by heat therapy. This is, in
many ways, similar to exercise, in which every cell in the body
can undergo a hormetic stress when whole-body or core tem-
perature is elevated. Multiple inflammatory, hormonal, and
blood-borne signals that are often released from specific tissues,
such as skeletal muscle, may work to allow communication be-
tween the organ systems. In the section below, we review nu-
merous key substances and pathways that are activated by heat
exposure. Much of the data is from studies following acute heat-
ing in both animal and human models, but we have worked to
place these studies in the context of humans and chronic heat
therapy. While this list is not exhaustive, it does highlight the
most common mechanisms that are investigated in heat therapy
research and identifies areas where questions remain.

5.1 | Heat Shock Proteins

Heat shock proteins (HSPs) were originally discovered in re-
sponse to heat stress in Drosophila cells (Ritossa 1962; Tissiéres
et al. 1974) and are currently thought to be primary mediators
of the cellular metabolic response to heat therapy. This family of
stress proteins and chaperones is expressed by all cells through-
out the body (Kregel 2002) and functions to maintain normal
protein folding and protect against cellular stress (Feder and
Hofmann 1999). Each HSP is classified according to its molec-
ular weight in kilodaltons, with the most studied families being
HSP60, HSP70, and HSP90 (Hu et al. 2022). While some HSPs
are expressed constitutively, HSP70 (also known as HSPA1 or
HSP72) is induced by changes in pH, shear stress, and metabolic
stress resulting from exercise and heat. The induction of HSPs
in response to those stimuli is known as the heat shock response
and is under the control of the highly conserved transcription
factor, heat shock factor 1 (HSF-1). Upon the initiation of the
stress stimuli, HSF-1 trimerizes and translocates to the nucleus,
where it binds to promoters containing heat shock elements and
subsequently induces stress-responsive transcriptional targets,
including HSPs (Kline and Morimoto 1997). HSPs are thought
to have a variety of roles in metabolic tissues, including decreas-
ing inflammation, improving mitochondrial function/oxidative
capacity, and maintaining proteostasis, as discussed in greater
detail in this review. Figure 4 summarizes the impact of heat
treatment on HSPs and the subsequent downstream effects on
metabolic health as described in this section.

5.1.1 | The Role of Stress-Inducible HSP70/72 in Health
and Disease

Perhaps because of its inducible nature, HSP70/72has been
extensively studied in preclinical and cellular models of isch-
emia-reperfusion injury. Early studies investigated the cyto-
protection and quantification of HSP70 in an animal model of
whole-body acute heat exposure (Currie et al. 1988). They re-
ported that whole-body heat exposure-induced HSP70 within
cardiomyocytes, which in turn improved muscle function and
reduced markers of muscle damage following ischemia-reper-
fusion injury (Currie et al. 1988). This finding was supported by
other work that reported acute heat exposure increased HSP70
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FIGURE 3 | Summary figure of the discussion points within this review. The predominance of evidence suggests heat therapy has an impact on
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mRNA (Currie and Tanguay 1991) and improved cardiomyo-
cyte viability following ischemia-reperfusion insult (Yellon
et al. 1992; Donnelly et al. 1992; Gowda et al. 1998). Conversely,
others have reported that prior acute heat exposure does not
confer protection against ischemia-reperfusion injury (Saganek
et al. 1997; Xi et al. 1998; Lille et al. 1999). One explanation is
that the protective benefits of acute heat exposure are due to re-
dundant response mechanisms. One such causal pathway is the
upregulation of catalase or manganese superoxide dismutase,
both potent antioxidative proteins, that induces HSP70 to pro-
vide cytoprotection in response to ischemia-reperfusion insult
(Currie and Tanguay 1991; Karmazyn et al. 1990; Yamashita
et al. 1997). HSP70 has also been shown to exhibit similar pro-
tective mechanisms against vascular smooth muscle cell hyper-
trophy induced by angiotensin II (Zheng et al. 2006).

HSP70 expression, induction, and function have been widely
studied in skeletal muscle, which is the largest “organ” in the
body and is likely a source of molecular signals involved in in-
terorgan communication aligned with heat therapy. Skeletal
muscle is the primary tissue responsible for insulin-stimulated
glucose uptake (Katz et al. 1983) and changes in skeletal muscle
HSP expression have been examined in obese, insulin-resistant,
and Type 2 diabetic individuals. Skeletal muscle HSP72

expression is inversely related to body fat percentage and blood
glucose in healthy participants (Henstridge et al. 2010; Kavanagh
et al. 2016). Similarly, HSP72 levels are reduced in the skeletal
muscle of individuals with Type 2 diabetes (Bruce et al. 2003;
Kurucz et al. 2002; Rodrigues-Krause et al. 2012), obesity, and
insulin resistance (Chung et al. 2008; de Matos et al. 2014). As
a result, HSP72 expression levels seem closely correlated with
adiposity, and reduced expression correlates with the progres-
sion from obesity to metabolic disease. As discussed below, con-
ditions or tissues in which HSP expression is diminished, as in
the case of obesity or diabetes, may set the stage for significant
physiological and clinical improvements through heat therapy.

A number of human studies have examined extracellular HSP
expression, primarily in either serum or plasma, in response to
passive heating. Faulkner and colleagues demonstrated that 1h
of hot water immersion (water temperature at 40°C) increased
plasma concentration of HSP72 in healthy men (Faulkner
et al. 2017). Similarly, Iguchi and colleagues reported increased
plasma HSP72 concentration in healthy men and women in re-
sponse to acute heat exposure for 30min in a 73°C room (Iguchi
et al. 2012). Several studies have also reported an increase in
cell-specific expression of HSP72. Brunt et al. showed that 1h
of hot water immersion (water temperature of 40.5°C) increases
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peripheral blood mononuclear cell HSP72 levels in healthy
inactive men and women (Brunt et al. 2018). During a longer
duration heat stimulus of 2 h of hot water immersion (water tem-
perature of 39.5°C), HSP72 levels in monocytes were increased
in healthy men and women (Oehler et al. 2001).

While studies suggest the source of extracellular HSP72 is likely
skeletal muscle, few human studies have measured expression
of this protein in skeletal muscle following heat treatment.
Given its well-established role in skeletal muscle function and
metabolic signaling, this is an area that needs more research.
The lack of extensive research in this area could be due to the
difficulty of obtaining human biopsy samples and/or the chal-
lenge of sample timing postheat stress. Morton and colleagues
reported no change in skeletal muscle HSP72 protein content
48 h following 1 h unilateral leg water immersion protocol (water
temperature of 45°C) despite achieving substantial increases
in intramuscular temperature (~3.6°C) (Morton et al. 2007).
Single-leg heating was also employed by Hafen and colleagues
using pulsed short-wave diathermy (Hafen et al. 2018). Their
results were similar to those of Morton et al., with no reported
increases in skeletal muscle HSP72 protein content immediately
following 2h of diathermy (Hafen et al. 2018). It is possible that
the narrow biopsy timing in these studies (immediately post
vs. 48h post) did not align with the transient peak in inducible
HSP72 expression, which has a relatively short half-life and may
return toward baseline within hours after the thermal stimulus.

Additionally, it is possible that the single-leg heating models do
not provide a sufficient heating stimulus to induce an HSP re-
sponse; we do not know the minimum temperature or duration
of exposure that is required to observe an increase in HSP72 in
skeletal muscle.

The HSP72 response to chronic heat exposure varies depend-
ing on study parameters, participant characteristics, and the
type of HSP measured. James et al. (2023) reported no effect of
8-10 hot water immersion sessions over 14days on extracellu-
lar HSP70 expression in individuals with type 2 diabetes. This
agreed with another study that examined 8 weeks of hot water
immersion in healthy men and women (Brunt et al. 2018). In
contrast, 6days of diathermy for 2h per day, a modality that
significantly increases muscle temperature, increased skeletal
muscle HSP72 (Hafen et al. 2018). Interestingly, Hoekstra and
colleagues found a reduction in extracellular HSP72 following
2weeks of hot water immersion (Hoekstra et al. 2018), while
Brunt and colleagues found an increase in HSP72 in peripheral
blood mononuclear cells following 8 weeks of hot water immer-
sion (Brunt et al. 2018). Cheng et al. (2021) examined the mini-
mum effective dose of lower limb heating needed to elicit acute
changes in upper limb micro- and macrovascular health, as well
as circulating levels of HSP72.

Maloyan et al. (1999) reported that heat acclimation resulted
in a greater expression and concentration of HSP72 and more
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readily inducible HSP72 gene transcription. These adaptations
condition the organism to subsequent heat exposure. Moreover,
the resilience to subsequent heat exposure is correlated with the
length of heat acclimation. For example, the authors compared
the HSP response after 1, 2, and 30days of consecutive heat ex-
posure (Maloyan et al. 1999). Notably, following the longest sub-
sequent heat exposure, a greater exposure length was required
to induce a comparable or greater HSP72 response (Maloyan
et al. 1999). While increases in extracellular HSP72 are not nec-
essarily representative of intracellular concentrations of HSP72,
this finding demonstrates support for the efficacy of passive
heating for increasing concentrations of HSPs, which are well-
demonstrated cellular chaperones with the potential to confer
physiological benefits.

5.1.2 | HSP90

HSP90 is an essential cofactor in the production of nitric oxide
via endothelial nitric oxide synthase, exerting direct effects on
the endothelium and, by extension, the vasculature (Garcia-
Cardefia et al. 1998; Pritchard et al. 2001; Brouet et al. 2001).
HSP90 facilitates the dissociation of endothelial nitric oxide
synthase from caveolin, initiating a cascade resulting in nitric
oxide production and release (Pritchard et al. 2001; Gratton
et al. 2000). HSP90 also has a critical role in the regulation of
other nitric oxide synthase isoforms, such as neuronal nitric
oxide synthase, that are expressed in nonendothelial cells (Song
et al. 2001). The important interdependence of HSP90 and ni-
tric oxide has been demonstrated across multiple vascular beds,
including the cerebral (Khurana et al. 2000), mesenteric (Shah
et al. 1999), and pulmonary (Su and Block 2000) circulations.

HSP90 is a molecular chaperone that is essential for the proper
folding of immature endothelial nitric oxide synthase proteins
(Billecke et al. 2002). Furthermore, the binding of endothelial
nitric oxide synthase to HSP90 prevents the degradation of both
proteins (Averna et al. 2008). Indeed, conformational changes to
HSP90 reduce the production of nitric oxide and thereby result
in greater superoxide production (Pritchard et al. 2001).

Brunt and colleagues reported that although HSP90 protein
abundance was increased in peripheral blood mononuclear
cells following a single exposure to heat stress, this increase in
HSP90 was not maintained following 8 weeks of hot water im-
mersion (Brunt, Weidenfeld-Needham, et al. 2019).

5.1.3 | HSPs and Mitochondrial Adaptations

Mitochondrial dysfunction is characterized by reduced mito-
chondrial deoxyribonucleic acid (DNA), decreased respiratory
activity, and impaired fatty acid oxidation. Mitochondrial dys-
function also contributes to the pathophysiology of type 2 dia-
betes (Morino et al. 2006; Patti et al. 2003; Petersen et al. 2004).
In 1967, Dr. John Holloszy discovered that one of the primary
beneficial impacts of exercise on metabolism is the modification
of mitochondrial activity (Holloszy 1967). In the same man-
ner that exercise can improve muscle mitochondrial function,
direct limb heating via diathermy has also been shown to in-
crease mitochondrial respiration (Hafen et al. 2019; see detailed

discussion in skeletal muscle section). A greater understanding
of the effects of HSP72 on mitochondrial function has come from
preclinical rodent models and cell systems. In C2C12 myocytes,
heat exposure results in an increase in HSP72 protein expres-
sion and mitochondrial biogenesis after 1h of 40°C heat (Liu
and Brooks 2012). Importantly, whole-body maximum oxygen
consumption improves when HSP72 is overexpressed in rodent
skeletal muscle (Henstridge et al. 2014). This overexpression is a
result of corresponding increases in muscle mitochondrial con-
tent and respiration (Henstridge et al. 2014). Conversely, mice
lacking HSP72have a disrupted mitochondrial morphology,
fatty acid oxidation, and insulin sensitivity (Drew et al. 2014).
Pharmacologically increasing HSP72 expression with matrine,
a drug typically used to treat human liver tumors, results in
improved hepatic palmitate oxidation, resting oxygen consump-
tion, and lipid utilization (Zeng et al. 2015). In the absence of
HSP72 in primary murine hepatocytes, mitochondrial structure
is altered along with a reduction in mitochondrial fatty acid oxi-
dation (Archer et al. 2018), suggesting that reductions in HSP72
may contribute to hepatic mitochondrial dysfunction.

One possible mechanism of HSP72 regulation of mitochondrial
function may be enhancing mitochondrial quality control via
mitophagy, or the targeted degradation of mitochondria through
autophagy. For example, in mice lacking skeletal muscle HSP72,
there is a decrease in mitochondrial degradation via mitophagy.
This is a result of the enlarged and dysmorphic mitochondria
with reduced respiratory capacity in the HSP72 mice (Rahman
et al. 2007).

Heat shock cognate 70 (Hsc70) is involved in chaperone-
mediated autophagy (CMA), a form of autophagy that selectively
degrades proteins containing motifs that chemically resemble
the pentapeptide sequence, KFERQ (Kaushik and Cuervo 2018).
Hsc70 recognizes proteins containing specific motifs, including
mitochondrial proteins and enzymes involved in triglyceride
synthesis and lipid transport, and targets them to the lysosome
for degradation (Kirchner et al. 2019; Schneider et al. 2014).
Schneider et al. (2014) determined that CMA is critical for nor-
mal hepatic mitochondrial function by showing that mice lack-
ing CMA activity have reduced maximal hepatic mitochondrial
respiration and increased lipid accumulation. In response to a
lipid challenge, hepatic mitochondria from these mice do not in-
crease mitochondrial respiration as normally expected, and they
also display impairments in fatty acid oxidation when compared
to control hepatocytes. Overall, these data implicate CMA as a
critical regulator of mitochondrial and lipid metabolism, partic-
ularly in the liver.

Von Schulze et al. (2021) showed that CMA is activated with
heat treatment and may directly benefit hepatic mitochondrial
function. Acute heat exposure (42°C for 20min) increased
Hsc70 content in hepatic mitochondrial fractions and the bind-
ing of both Hsc70 and ubiquitin to complexes II and IV of the
electron transport chain. These data suggest that heat expo-
sure drives the degradation of specific mitochondrial proteins
through CMA activation. In this study, heat therapy (9 sessions
at 42°C every 72h for 4weeks) improved mitochondrial respira-
tion. Together, these data suggest that heat treatment (i.e., heat
therapy) may selectively induce the degradation of poorly func-
tioning mitochondrial proteins through mitophagy/autophagy

16 of 52

Comprehensive Physiology, 2026



to improve mitochondrial function as a compensatory adapta-
tion to recurrent heat stress.

Additional studies are needed to refine the effects of heat ther-
apy on HSPs' expression. These investigations need to consider
different modalities of heat, diverse participant populations, and
cellular and tissue origins. While the complex and integrative
nature of the HSPs' response makes cell- and tissue-specific de-
tection challenging, accumulating data in the literature points
to the multifaceted actions of HSPs in multiple tissues.

5.2 | Reductions in Oxidative Stress

There is compelling evidence of a strong interplay between
inducible HSPs and increased concentration of manganese su-
peroxide dismutase, offering a link between heat therapy and
increased resilience to superoxide and hydrogen peroxide.
Suzuki et al. (2002) report that the cellular chaperone HSP72
mediates an increase in superoxide dismutase activity, which
serves to scavenge free radicals and reactive oxygen species fol-
lowing ischemia-reperfusion injury. Additionally, in an animal
model, both acute and chronic heat exposure upregulate HSP70
and superoxide dismutase concentration, while both HSP27 and
HSP70 have been shown to attenuate heat exposure-induced in-
creases in reactive oxygen species (Sreedhar et al. 2002; Belhadj
Slimen et al. 2014).

The evidence for the beneficial impact of both acute and chronic
heat exposure is well-documented in cell and animal models.
Unfortunately, this does not extend to investigations conducted
in humans. There is still a dearth of evidence on heat therapy's
beneficial impact in reducing reactive oxygen species. Brunt
and colleagues provide insight into the mechanisms that me-
diate these improvements in their isolated cell work (Brunt
et al. 2018). Both the isolated heat treatment of cells (warming
to 39°C) as well as exposure of cells to serum from humans who
had completed 8 weeks of passive heat therapy reduced basal ox-
idative stress relative to thermoneutral control cells (37°C) and
culture with serum from individuals who did not participate in
heat therapy (Brunt et al. 2018). Furthermore, heat treatment
and cell culture with serum from those who had completed heat
therapy elicited lower concentrations of superoxide anions in
response to a hypoxia-reoxygenation insult (Brunt et al. 2018).

Heme oxygenase-1, otherwise known as HSP32, plays a primary
role in the regulation of vascular inflammation, protecting the
vasculature from oxidative stress and inflammation (Araujo
et al. 2012). Brunt and colleagues reported that cell culture with
serum from individuals who have completed 8 weeks of heat
therapy prevents the suppression of HSP32 induction following
a hypoxia-reoxygenation insult (Brunt et al. 2018). These bene-
ficial acute and chronic responses to heat stress and heat ther-
apy demonstrate strong benefits for improved vascular function
and cellular resilience to stress with passive heating.

5.3 | Proteostatic Mechanism of HSPs

Proteostasis is a concept that encompasses the maintenance
of protein homeostasis via the regulation of concentration,

conformation (i.e., folding), transport, and turnover. HSPs,
which are upregulated in response to nearly all forms of acute
heat exposure, play an integral role in helping to maintain
proteostasis in numerous tissues and cells. Their many proteo-
static functions include the folding of new proteins, refolding
of damaged proteins, degradation of nonfunctional proteins,
and the import/export of proteins into and out of the mito-
chondria (Willmund et al. 2013; Frydman 2001; Parsell and
Lindquist 1993; Drew et al. 2014; Hartl et al. 2011). As a re-
sult, changes in HSP expression and localization are linked to
numerous disease states. Neuronal cells, for example, may be
particularly susceptible to proteotoxic insult as a result of age-
related declines in HSP, leading to an increased risk of AD (Hetz
and Saxena 2017; Kaushik & Cuervo, 2015). The link between
Type 2 diabetes and AD risk may also be related to the loss of
proteostatic processes in the brain (leading to the development
and accumulation of plaques and lesions) as well as in peripheral
tissues like skeletal muscle.

5.4 | Protein Synthesis

Early work focused on elucidating a role for heat therapy in skel-
etal muscle growth and protein synthesis and was pioneered by
Goto et al. One of their initial papers showed that incubation
of L6 myoblasts at 41°C for 60min increased total protein con-
tent, leading to the hypothesis that passive heat exposure may
acutely increase muscle protein synthesis and/or decrease pro-
tein breakdown rates (Goto et al. 2003). Subsequent animal and
cell culture models have generally supported this hypothesis.
For example, studies in both C,C,, and L6 myoblasts showed
that acute heating (41°C for 20-30min) increased activation of
protein synthesis pathways, including the mammalian target
of rapamycin (mTOR) and Phosphoinositide 3-kinase/Akt sig-
naling pathways (Obi et al. 2019; Moon et al. 2003). In rodents,
hot water immersion of the hind limb for 30 min also resulted
in increased mTOR and AKT pathway activation (Yoshihara
et al. 2013). When hot water immersion is used concomitantly to
resistance exercise in humans, multiple lines of evidence point
to activation of the AKT/mTOR/FOXO signaling axis (Ihsan
et al. 2020; Kakigi et al. 2011). Interestingly, Fuchs et al. showed
that hot water immersion did not alter post-resistance training
myofibrillar protein synthesis rates despite increased mTOR
pathway component activation. This study is a good example of
a case where activation of molecular signaling events associated
with downstream outcomes may not always generate those out-
comes. Though the methodology to measure protein synthesis
and breakdown rates is available in the form of stable isotope
tracer studies, to our knowledge, no research to date has directly
measured the effect of acute muscle heating on protein synthesis
rates in the absence of exercise. Thus, the extent to which pas-
sive heat therapy can induce an independent protein synthesis
response is still unknown.

5.5 | Markers of Inflammation and Metabolism

Hoekstra and colleagues examined the acute and chronic effects
of hot water immersion on markers of inflammation and metab-
olism in overweight sedentary men (Hoekstra et al. 2018). Their
data demonstrated that acute hot water immersion is capable of
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increasing plasma interleukin (IL)-6 concentrations (Hoekstra
et al. 2018). There was no significant change in plasma IL-6 after
chronic hot water immersion (Hoekstra et al. 2018). Although
Hoekstra et al. reported no change in plasma IL-6 following
heat therapy, there is still the potential that the acute change
in IL-6 acts along a similar pathway as that shown to stimulate
anti-inflammatory pathways following exercise (Steensberg
et al. 2003). Namely, the increase in concentration of IL-6 has
been shown to increase concentrations of IL-10 and IL-1Ra,
which both act in an anti-inflammatory manner (Steensberg
et al. 2003).

Improvements in metabolic and inflammatory profiles following
heat therapy via hot water immersion have been demonstrated
across a diverse participant population. Ely and colleagues ex-
amined the ameliorative effects of heat therapy on both met-
abolic and inflammatory profiles in women with PCOS (Ely,
Clayton, et al. 2019). They report that serum IL-6 and tumor
necrosis factor (TNF) are reduced following heat therapy (Ely,
Clayton, et al. 2019). Furthermore, IL-1 § and IL-8, assessed in
stromal vascular fraction measured via adipose biopsy, were re-
duced following heat therapy (Ely, Clayton, et al. 2019).

Type 2 diabetes is one condition that has been associated with
chronic low-grade inflammation, characterized by increased
circulating levels of proinflammatory proteins (Bastard
et al. 2006), and has been the target of investigations on the im-
pact of heat therapy. For example, elevation of C-Jun-N-Terminal
Kinase (JNK) is known to impair insulin sensitivity and inhibit
insulin signaling (Hotamisligil 2006). Proinflammatory cyto-
kines like JNK and nuclear factor kappa B (NF-kB) can prevent
tyrosine phosphorylation of insulin receptor substrate-1 (IRS-1),
leading to impaired insulin signaling and decreased glucose
uptake (Hotamisligil 2006). The role of the cytokine IL-6 in
inflammation and Type 2 diabetes is less clear. Some studies
report a positive association between IL-6 concentration, insu-
lin resistance, atherosclerosis, Type 2 diabetes, and cardiovas-
cular disease (Dorsey et al. 1996; Hooper et al. 2014; Pradhan
et al. 2001; Vozarova et al. 2001). However, transient increases
in plasma IL-6 can enhance insulin action and glucose uptake
(Carey et al. 2006), while chronic increases may inhibit insulin
signaling (Dandona et al. 2004).

Prior studies in humans indicate that hot water immersion re-
sults in an increase in circulating IL-6 (Krause et al. 2015; Welc
et al. 2012). A dose-dependent effect of heat on IL-6 may exist,
as a 2-h hot water immersion produced a greater increase in IL-6
than a 1-h hot water immersion. Interestingly, several studies
have measured changes in TNF-a in response to acute heat ex-
posure in humans, but significant differences in circulating lev-
els were not observed (Hashizaki et al. 2018; Leicht et al. 2015).
Heat therapy of 4weeks of sauna bathing did not alter IL-6 or
IL-10 levels in healthy men (Zychowska et al. 2017). However,
Behzadi et al. (2022) observed an acute inflammatory response
following acute heat exposure with traditional sauna. They
reported that 30min of sauna (in 10-min increments at 80°C)
resulted in an increase in IL-6 at 60min following the heat
exposure.

HSPs also have a role in mediating inflammatory responses.
HSP72 expression in the liver corresponds with increasing

disease progression of metabolic dysfunction-associated ste-
atotic liver disease (MAFLD) in human Kupffer cells (Di Naso
et al. 2015). As HSP72 is induced with heat exposure in liver-
specific macrophage Kupffer cells, TNF-« is suppressed (Liang
et al. 2009; Yonezawa et al. 2001). The ability of extracellular
HSP72 to inhibit inflammatory cytokines in metabolic tissue
could be one way in which these chaperones decrease local in-
flammation and insulin resistance.

C-reactive protein is released from the liver in response to in-
flammatory cytokines. C-reactive protein is a global marker of
inflammation and has been identified as a reliable biomarker for
stratifying risk for cardiovascular events, with particular util-
ity in the initial stages of disease manifestation and progression
(Pearson et al. 2003; Wilson et al. 2008). Ely and colleagues re-
port that heat therapy significantly reduced C-reactive protein,
indicating reduced global inflammation in women with PCOS
(Ely, Clayton, McCurdy, et al. 2019).

Reductions in inflammation may mediate some of the reported
benefits of lifelong sauna use on cardiovascular and all-cause
mortality, as described in a series of papers from the Kuopio
Ischemic Heart Disease Risk Factor Study (Kunutsor et al. 2018;
Laukkanen and Laukkanen 2018). Among the men included in
the prospective cohort study, there was a significant inverse re-
lationship between frequency of sauna bathing and measured
C-reactive protein. This relationship persisted after a multivari-
ate analysis accounting for age, body mass index, systolic blood
pressure, smoking status, Type 2 diabetes, history of myocardial
infarction, and serum low-density lipoprotein (Laukkanen and
Laukkanen 2018).

6 | Adaptations in Organs and Systems Following
Heat Therapy

This section describes the effects of heat therapy on acute and
long-term adaptations at the organ (e.g., skeletal muscle, brain)
and system level (e.g., cardiovascular, autonomic) in young and
older humans. We have outlined the applicable chronic heat
therapy studies in the text and Tables 1-3 separated by study
and modality.

6.1 | Skeletal Muscle Health, Function,
and Metabolism

The skeletal muscle is of vital importance for glucose metabo-
lism, insulin-mediated glucose uptake, and blood pressure regu-
lation (Merz and Thurmond 2020; Richter and Hargreaves 2013;
Joyner and Casey 2015), in addition to the obvious role in move-
ment. Others have written exceptional reviews detailing the role
of skeletal muscle in these physiological processes; therefore, we
will not go into detail regarding them. Our purpose is to summa-
rize the acute effects of heat exposure on skeletal muscle health
and function, and focus our discussion primarily on the impact
of chronic heat exposure on this organ system and its func-
tions (Merz and Thurmond 2020; Richter and Hargreaves 2013;
Joyner and Casey 2015). We have provided a summary figure
(Figure 5) that provides an overview of the responses discussed
in this section.
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6.1.1 | Effect of Acute Heat Exposure on Skeletal
Muscle Health and Function

To understand heat therapy's potential benefits on skeletal mus-
cle, it is important to first understand the acute responses to heat
exposure. Resting muscle temperature is typically measured
to be ~34.5°C-36.5°C, with depth of both the muscle and in-
dwelling thermocouple significantly influencing the measure-
ment. To date, muscle temperature data are generally limited to
the muscles of the knee extensors (Saltin et al. 1968), plantar
flexors (Selkow et al. 2012), elbow flexors, and elbow extensors
(Draper et al. 1998), with the most extensive characterization
being focused on the vastus lateralis muscle. Short-wave dia-
thermy has been repeatedly shown to increase intramuscu-
lar temperature by 3.5°C-4.0°C (Hafen et al. 2018; Mangum
et al. 2022; Richey, Ruiz, et al. 2024). Smaller changes in vastus
lateralis intramuscular temperature are achieved using lower
body hot water immersion (40°C-42°C), with studies report-
ing increases of 2.4°C (Rodrigues et al. 2023, 2021) and 2.3°C
(Fuchs et al. 2020). However, in a uniquely extreme study,
(Morton et al. 2007) managed to increase intramuscular tem-
perature 3.6°C by immersing a single limb in 45°C water for
1h. Water-perfused garments have also increased muscle tem-
perature, with the perfusion of 46°C water for 30 min increas-
ing gastrocnemius intramuscular temperature by 3.7°C (Keller
et al. 2010; Kuhlenhoelter et al. 2016).

Lastly, exposure to traditional sauna appears to have a more
modest effect on intramuscular temperature, with 40min of
acute traditional sauna exposure (2 X 20-min sauna at 80°C sep-
arated by 10-min recovery at 23°C) increasing skeletal muscle
temperature by only 2°C (Leach et al. 2024). It is widely claimed
that far-infrared sauna may increase intramuscular tempera-
ture to a greater degree than dry sauna due to the deeper pen-
etration of infrared waves. Reed and colleagues reported that
the increase in muscle temperature with a far-infrared sauna is
muscle depth dependent. While superficial muscle temperature
increased by 3.0°C, the middle depth increased by 1.9°C, and
the deep muscle increased by 1.1°C (Reed et al. 2025). Notably,
changes in muscle temperature appear negligible beyond 3.8 cm
below the skin surface. More practically, the thermic effect had
lessened by 63% at a depth of 2.4cm, which can be considered
effective thermal penetration. It is currently unknown whether
acute dry or infrared sauna exposure elicits a skeletal muscle
heat shock response.

6.1.2 | Blood Flow

Few studies have comprehensively assessed how acute heat ex-
posure affects the extent and distribution of blood flow in skel-
etal muscle. Some have reported increases in skeletal muscle
blood flow ranging from 1.5-4.0 fold following a wide range of
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both local and whole-body heating modalities (Richey, Ruiz,
et al. 2024; Keller et al. 2010; Sekins et al. 1984). Changes in
skeletal muscle blood flow have been shown to represent a sig-
nificant portion of the increased systemic perfusion that occurs
with passive heat stress (Pearson et al. 2011). Nevertheless, there
is some discrepancy in the literature, with some studies show-
ing no effect of passive heat stress on muscle perfusion (Detry
etal. 1972; Sekins et al. 1980). These discrepancies are most likely
due to different heating techniques and the degree to which the
modality achieves increases in muscle tissue temperature. The
mechanisms underlying the skeletal muscle hyperemic response
are still poorly understood (Hyldahl et al. 2021; Richey, Ruiz,
et al. 2024; Pearson et al. 2011). Heating muscle appears to up-
regulate the angiogenic factors VEGF and ANG2 (Kuhlenhoelter
et al. 2016). While this wouldn’t contribute to acute hyperemia,
it could potentiate an increase in skeletal muscle vascularity
and muscle hyperemia with chronic heat therapy. In fact, as dis-
cussed in the following section on chronic heat exposure, there
is some evidence for repeated passive heating to induce vascular
remodeling in both human and in vitro models.

6.1.3 | Metabolism

Acute heat stress has also been reported to improve insulin
sensitivity, skeletal muscle glucose transport, and markers of
mitochondrial function in several experimental preclinical
models. While glucose kinetic studies have not been performed
on isolated muscle in humans, there is evidence that acute
bouts of heat may impact whole-body glucose kinetics (Leicht
et al. 2019). Human trials have also shown that whole-body and
localized heating modalities acutely induce the expression or
activation of proteins associated with energy sensing and mito-
chondrial biogenesis in the muscle, including AMPK, ERK1/2,
NRF1, NRF2, and COX2 (Hafen et al. 2018; Thsan et al. 2020).
On the other hand, Kwon et al. (2022) showed no evidence of
increased mRNA expression of genes associated with mitochon-
drial biogenesis following a 4-h treatment with a heated thermal
wrap. As this study did not report intramuscular temperature,
the extent to which the thermal wrap altered this variable is
unclear. The impact of heat therapy on skeletal muscle glucose
uptake, insulin sensitivity, and metabolism remains a relatively
untapped area of research that will be important as we con-
sider the rising epidemic of Type 2 diabetes and other metabolic
diseases.

6.1.4 | Effect of Chronic Heat Exposure on Skeletal
Muscle Health and Function

Given the widespread effects of acute heat exposure on skeletal
muscle, it is unsurprising that a chronic application of passive
heat exposure results in broader changes to muscle function and
phenotype, much like how physiological alterations to acute ex-
ercise manifest in the chronic adaptations of exercise training.
Much of what we know about the effects of heat therapy has
been derived from exploring the concept that heat exposure may
replicate or enhance the effects of exercise training.

The success of early acclimation studies in promoting cardiovas-
cular and muscular adaptations during exercise likely inspired

more recent theories regarding the use of heat therapy. This sec-
tion will review the evidence for heat therapy to induce skele-
tal muscle adaptation. As exercise training promotes favorable
health-promoting adaptations, much of the work with heat ther-
apy has assessed similar metabolic, vascular, and hypertrophic
outcomes that would be expected with exercise training.

6.1.5 | Metabolism

Skeletal muscle accounts for upwards of 80% of glucose uptake
in the presence of insulin, and previous data (James et al. 2023;
Hooper 1999; Kokura et al. 2007) would suggest that heat ther-
apy likely improves glucose transport across skeletal muscle.
Hesketh et al. (2019) attempted to provide insight into this
question by measuring GLUT4 mRNA content in human vastus
lateralis muscle after 6 weeks of passive heat therapy in a heat
chamber (40-50 min at 40°C on 3 days per week). Under this pro-
tocol, they found no change in skeletal muscle GLUT4 mRNA
content (Koshinaka et al. 2013). However, GLUT4 mRNA con-
tent does not necessarily reflect the protein content, nor the pro-
pensity for insulin-stimulated GLUT4 translocation. Moreover,
their heating protocol did not raise core temperature and was
not likely to alter intramuscular temperature significantly.

A growing body of literature suggests that heat therapy improves
whole-body insulin sensitivity in Type 2 diabetics (Hooper, 1999;
James et al. 2023; Gupte et al. 2009). However, much more re-
search is necessary to investigate the possible muscle-centric
mechanisms that may underlie this effect.

Few studies have directly measured the impact of heat therapy
on insulin-stimulated glucose uptake in the muscle; a substantial
number of studies have reported its impact on muscle mitochon-
drial biogenesis and function. Chronic heat exposure (60 min at
40°C daily for 5days) was first demonstrated by Liu and Brooks
(Selkow et al. 2012) to increase markers of mitochondrial bio-
genesis in C,C,, myotubes. In 2018, Hafen et al. (2018) extended
this finding to human skeletal muscle using short-wave dia-
thermy. In that study, six consecutive days of passive diathermy
heating (2h per day) improved maximal coupled and uncoupled
respiratory capacity and increased expression of electron trans-
port protein complexes in untrained men and women. Six weeks
of passive vastus lateralis diathermy treatments (2h per day,
3days per week) were also reported to increase skeletal muscle
mitochondrial function to a similar extent as 6 weeks of single-
leg knee extension exercise training (Marchant et al. 2022).
Despite this growing consensus, data on human skeletal mus-
cle mitochondrial adaptation are not consistent across all stud-
ies. For example, Hesketh and colleagues (Hesketh et al. 2019)
reported that 40-50min of passive heating in a heat chamber
(40°C, 3days per week for 6 weeks) did not significantly alter cy-
tochrome c oxidase expression in human vastus lateralis muscle.
Likewise, Kim et al. (2020) recently reported that neither 4 nor
8 consecutive weeks of heat therapy using a garment perfused
with hot water (52°C) altered citrate synthase activity or the ex-
pression of protein complex subunits of the electron transport
chain. Nevertheless, comparison of these human studies may
be nuanced due to the differing heat modalities (i.e., water-
perfused garment vs. diathermy vs. whole-body heating), dura-
tion of intervention, and varying methodologies for measuring
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mitochondrial adaptation. Whereas Kim et al. and Hesketh
et al. measured surrogates (i.e., citrate synthase activity or cy-
tochrome c oxidase expression) for mitochondrial function/con-
tent, Hafen et al. and Marchant et al. assessed mitochondrial
respiratory capacity more directly via high-resolution respirom-
etry. Furthermore, while unlikely, it is possible that the appli-
cation of electromagnetic radiation in the form of short-wave
diathermy may drive adaptation independently of the generation
of heat.

6.1.6 | Vascular Remodeling

Given the broad impact of heat therapy on skeletal muscle blood
flow, there has also been significant interest in the impact of
heat therapy on skeletal muscle vascular remodeling. Studies in
cultured endothelial cells have suggested that periods of hyper-
thermia are capable of stimulating the release of vasoactive and
angiogenic factors (Harris et al. 2003). Kuhlenhoelter et al. (2016)
showed thatan acute 90-min exposure to heat therapy upregulated
mRNA expression of several proangiogenic factors in vastus later-
alis muscle, suggesting that heat therapy may promote angiogenic
adaptation. However, studies using heat therapy in humans have
been somewhat conflicting. For example, Kim, Reid, et al. (2020)
showed that 8 weeks of thigh heating using a water-perfused gar-
ment attenuated a temporal decline in capillary density around
type 2 muscle fibers. Additionally, Hesketh et al. (2019) observed
enhanced skeletal muscle capillarization after 6weeks of whole-
body heating, which produced similar results to those seen with
the same duration of moderate intensity exercise training. Fuchs
et al. (2025) also reported an increase in Type I and Type II fiber-
associated capillary density, as well as improved muscle microvas-
cular perfusion kinetics in older participants following 8 weeks of
3days per week infrared sauna therapy.

Others have reported that 6weeks of knee extensor diathermy
treatments (2h, 3days per week) did not alter vastus lateralis
capillary density in young healthy participants (Kaluhiokalani
et al. 2025). The discrepancy in these human studies is likely
due to varying heating durations and modalities. While local
heating modalities produced minor or no change in muscle
capillarity, whole-body interventions appear to generate a more
consistent and robust effect. Therefore, it may be reasonable to
suggest that whole-body heat therapy interventions might offer
a stronger stimulus for angiogenic remodeling in muscle.

6.1.7 | Muscle Performance Following Heat Therapy

Based on the premise that heat therapy improves muscle mi-
tochondrial function (Liu and Brooks 2012), vascularization
(Kuhlenhoelter et al. 2016), and proteostasis, it seems likely also
to promote improvements in skeletal muscle functional charac-
teristics. As discussed in the prior section, passive heating of the
thigh for 8h per day for 10weeks was shown by Goto and col-
leagues to improve knee extensor maximal isometric torque by
5.8% in young participants (Goto et al. 2011). Using a more prac-
tical passive heating protocol of 90 min per day (Kim, Monroe,
et al. 2020; Kim, Reid, et al. 2020) likewise found improvements
in knee extensor isometric force production after 4 and 8 weeks
of treatment. Interestingly, the improvement in force-generating

capacity was not accompanied by a change in myofiber cross-
sectional area. Eleven days of whole-body heat therapy (1h per
day, 48°C-50°C heat chamber) improved maximal voluntary
torque production and evoked peak twitch amplitude of the
plantar flexor muscles (Racinais et al. 2017). However, it must
be noted that this study did not include a control group.

Most recently, Kaluhiokalani et al. (2025) and Marchant
et al. (2022) compared performance characteristics following ei-
ther 6weeks of knee extensor passive heating (diathermy, 3days
per week, 2h per session) or 6 weeks of single-leg knee extension
exercise training. Despite observing similar improvements in
muscle mitochondrial function and vascular hemodynamics in
both groups, unlike exercise training, heat therapy did not im-
prove peak power, critical power, or work prime during a knee
extension graded exercise test. This mismatch may stem from per-
sistent constraints on oxygen transport at VO,max, implying that
passive heating does not substantially alter the central or periph-
eral determinants that cap maximal aerobic capacity. In support of
this idea, 6 weeks of single-leg knee extension training increased
peak blood flow during exercise, whereas passive heating pro-
duced no such change during the identical task (Kaluhiokalani
et al. 2025). Given that exercise performance depends on a com-
plex interaction of mechanical, neural, metabolic, and cardiovas-
cular demands, the lack of change in peak function suggests that
passive heating alone is insufficient to stimulate the full range
of adaptations required to raise maximal exercise capacity. In
terms of strength performance, Fuchs et al. recently reported that
8weeks of infrared sauna did not improve 1-repetition maximum
(1RM) leg press or 1IRM leg extension performance in older adults,
but participants had a modest improvement in handgrip strength
(Fuchs et al. 2025). Though data are still limited, heat therapy
alone does not seem to alter exercise capacity but may positively
affect maximal torque generation of lower extremity muscles.

6.1.8 | Muscle Mass

Lastly, there is limited evidence that heat therapy may influence
muscle mass. As discussed previously, studies in humans gener-
ally agree that acute bouts of heat exposure activate pathways as-
sociated with skeletal muscle protein synthesis and hypertrophy.
Extensive in vitro, animal, and human research by Goto and col-
leagues was the first to clarify the impact of heat therapy on mus-
cle fiber size and strength. For instance, when they cultured C,C,,
cells at 39°C for 5days, they found greater upregulation of myo-
fibrillar genes and myogenic differentiation compared to cells cul-
tured at 37°C (Guo et al. 2017). Using a water-perfused garment,
Kim, Reid, et al. (2020) found that lower limb passive heating (three
sessions per week for 4 and 8weeks) did not significantly change
vastus lateralis myofiber CSA but did slightly improve peak isoki-
netic knee extensor torque. Likewise, Fuchs et al. (2025) found
that 8weeks of infrared sauna therapy had no effect on vastus lat-
eralis myofiber CSA or muscle protein fractional synthetic rates in
older adults (65-85years). Interestingly, they did report a modest
but detectable increase in handgrip strength (Fuchs et al. 2025).
Although the data remain limited, hypertrophic and functional
adaptations due to passive heating seem minimal at best.

However, while chronic passive heating might not effectively
stimulate muscle growth, an increasing number of studies in
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animals and humans suggest it could help prevent muscle atro-
phy from limb disuse or denervation.

6.1.9 | Mitigation of the Adverse Effects
of Muscle Disuse

While there is limited evidence that heat therapy facilitates skeletal
muscle hypertrophy, there is compelling data that it may mitigate
atrophy during periods of disuse. Hafen et al. (2019) first showed
that daily 2-h heat therapyvia short-wave diathermy during 10days
of lower limb immobilization was sufficient to reduce vastus lat-
eralis atrophy at the whole muscle and myofiber level (Figure 6).
Additionally, limb immobilization reduced maximal myofiber
respiratory capacity by 27% of baseline, yet daily heat exposure
almost completely attenuated this reduction. Labidi et al. (2024)
also recently showed that 60 min of daily whole-body heat therapy
(40°C-50°C heat chamber) was shown to mitigate plantar flexor
atrophy following 2weeks of ankle immobilization. While the
mechanisms underlying this effect are not completely understood,
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FIGURE 6 | Hafen et al. report the effect of 10days of lower limb
immobilization (Imm) with (Imm + HT) and without (Imm) a daily 2h
diathermy treatment (HT) on vastus lateralis whole muscle (A) and my-
ofiber (B) cross-sectional area (CSA). Data are presented as means =+ SE.
Imm n=11, Imm+HT n=12. Figure used with permission. Previously
published in the Journal of Applied Physiology (Figure 5; Hafen
et al. 2019).

Hyldahl et al. reported that heat therapy during 10days of leg im-
mobilization attenuated the loss in vascular function, suggesting
that improved hemodynamics may underlie some of the muscle
mass preservation effects. Additionally, activation of HSPs (Fennel
et al. 2022; Acquarone et al. 2024), AMPK (Thomson 2018), and
improvement in mitochondrial function (Hood et al. 2019) also
likely contribute, as each of these factors is independently associ-
ated with the regulation of muscle mass during muscle atrophy.
The data suggest that heat therapy might be an effective strategy
to mitigate muscle atrophy and deconditioning during disuse.
However, more studies are needed to answer fundamental ques-
tions on this topic. Consequently, passive heating could serve as a
countermeasure for muscle degradation, even if it is insufficient to
induce hypertrophy on its own.

6.1.10 | Passive Heat Therapy as a Therapeutic Modality
to Treat and Prevent Muscle Injury

Muscle injuries represent a significant proportion of all sport-
related musculoskeletal injuries, with most of those occurring
in one of four major muscle groups: hamstrings, hip adductors,
quadriceps, and gastrocnemius/soleus (Ekstrand et al. 2011;
Jarvinen et al. 2013). Muscle injuries are classified as strains,
contusions, or in situ necrosis events (rhabdomyolysis). In con-
tusion injuries, heavy extrinsic compressive forces disrupt mus-
cle fibers and their connective tissues. Strain injuries are a result
of excessive intrinsic tensile force. Both strains and contusions
are characterized by myofiber necrosis and disruption of basal
lamina and connective tissue components. While skeletal mus-
cle is highly vascular and generally possesses a robust regener-
ative response, severe strains and contusions can often result in
fibrotic tissue accumulation and permanent loss of function.

Skeletal muscle can also display injury-related response patterns
collectively called exercise-induced muscle damage (EIMD).
EIMD generally manifests in response to unaccustomed eccen-
tric muscle actions and results in delayed and prolonged muscle
soreness (DOMS) and reductions in muscle force-producing ca-
pacity. Unlike strains and contusions, EIMD is not pathologic,
does not generally result in myofiber necrosis, and is adaptive
in nature. Because EIMD is nonpathologic yet replicates some
of the features of muscle strains and contusions (e.g., a mild
inflammatory response and functional decrements), it is often
used as an experimental model in humans to test the efficacy
of therapeutic interventions. While many studies investigate the
effect of heat exposure interventions on EIMD, evidence of its
therapeutic value in the treatment of more severe muscle inju-
ries (e.g., strain and contusion) is limited and mostly confined
to animal models. Here, we will focus on the evidence for heat
therapy as a modality to both rehabilitate and prevent severe
muscle injury, with only minimal discussion of its effect on
EIMD. For a more comprehensive review on the impact of pas-
sive heating on EIMD, the reader is referred to a recent review
by Kim, Monroe, et al. (2020).

6.1.11 | Injury Rehabilitation

The collective physiological effects of passive heating would
strongly suggest that it has therapeutic value in the recovery
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of skeletal muscle from injury. Indeed, heat exposure has been
used historically as a therapeutic modality to mitigate pain and
promote tissue regeneration (Lubrano et al. 2023). The primary
outcomes used to assess the efficacy of passive heat therapy as
a postinjury therapeutic modality have typically included pain,
tissue extensibility (i.e., joint range of motion), strength, and
blood biomarkers of muscle damage (e.g., creatine kinase, myo-
globin). Overall, there is a general consensus that heat exposure,
when applied post-EIMD, reduces DOMS and, to a lesser extent,
the force loss that results from EIMD (Kim, Monroe, et al. 2020;
Petrofsky et al. 2017; Yoshida et al. 2022; Wang et al. 2022).
However, the impact of heat exposure on blood biomarkers of
muscle damage following EIMD is less certain, as there appears
to be more disagreement between studies (Vaile et al. 2008;
Jackman et al. 2023).

Studies on the effect of heat exposure on muscle regeneration
and long-term functional outcomes following more severe mus-
cle injuries are limited and largely confined to rodent studies,
although there are a few human studies. The few human clinical
trials that have evaluated the efficacy of heat therapy also gen-
erally concur that there is a positive benefit. For example, nine
treatments of short-wave diathermy (30 min, 3 days per week for
3weeks), initiated 72h following muscle injury in athletes, were
found to accelerate muscle hematoma resolution after 2 weeks
of treatment compared to an ultrasound treatment group
(Giombini et al. 2001). More broadly, a recent meta-analysis of
the impact of local heat application in individuals with muscu-
loskeletal disorders concluded that the application of local heat
therapy is more beneficial than no treatment to reduce pain and
improve physical function in conditions including nonspecific
back pain, fibromyalgia, DOMS, and knee osteoarthritis (Clijsen
et al. 2022). Nevertheless, the benefits appear to extend mostly
to acute conditions vs. chronic conditions (Clijsen et al. 2022).
Overall, despite heat therapy being a mainstay of traumatic
muscle injury rehabilitation, there is surprisingly little direct
evidence in humans of its efficacy to promote better long-term
healing and regenerative outcomes.

6.2 | Cardiovascular Health and Function

Cardiovascular disease is one of the leading causes of mor-
bidity and mortality across the world (Merz and Cheng 2016;
Tsao et al. 2023). Therefore, understanding how the ill effects
of cardiovascular disease can be prevented is important to im-
proving health and well-being across the lifespan. Adverse
symptomology of cardiovascular disease often has its begin-
nings during young adulthood, with an accelerated timeline
throughout aging, dependent upon various lifestyle habits
(Rippe 2019). Cardiovascular disease and disease risk are due
to a combination of factors, such as increased arterial stiffness
(Seals 2014; Chirinos et al. 2019; Fu and Ogoh 2019), elevated
blood pressure (Taddei et al. 1995; Lakatta and Levy 2003;
Boutouyrie et al. 2021; Yanes and Reckelhoff 2011), and endo-
thelial dysfunction (Seals 2014; Hemingway et al. 2022; Somani
et al. 2019; Kenney 2017; Black et al. 2009; Yildiz 2007). Most of
these effects can be attenuated with consistent exercise train-
ing (Seals 2014; Seals et al. 2018, 2006, 2016; Clayton et al. 2022;
Desouza et al. 2000), a well-known gold standard for improving
cardiovascular health. Unfortunately, few people engage in a

consistent exercise training program; thus, the beneficial nature
of this method only extends to the consistent few.

Pharmacological treatments are used to reduce already apparent
disease risk and to attenuate further development of risk factors
in cardiovascular disease. Statins are used to reduce cholesterol
and improve arteriosclerosis, while reducing the risk of coro-
nary artery disease; while antihypertensives reduce blood pres-
sure. Various other medications are also used to improve cardiac
function and terminal outcomes of those with progressing car-
diac disease. Although helpful, all pharmacological treatments
are accompanied by side effects. These can have both positive
and negative impacts on health and well-being.

For these reasons, there has been an enthusiastic scientific in-
terest in whether heat therapy can act as a nonpharmacologi-
cal treatment to improve cardiovascular disease or disease risk.
This excitement was heightened by the work of Laukkanen
et al. (2015), their 30-year prospective analysis of Finnish sauna
bathing, which found that habitual/consistent sauna use re-
duced fatal cardiovascular and all-cause mortality events in
men. Men who completed more sauna sessions per week (4-7X)
for a longer duration per session (>19min) had the greatest
reduction in sudden cardiac death over the 30-year follow-up
(Laukkanen et al. 2015).

These results demonstrated to the scientific community the
therapeutic potential of chronic heat exposure for improving
cardiovascular health. The purpose of this section is to describe
each aspect of the cardiovascular system and the adaptive or
nonadaptive responses following heat therapy.

6.2.1 | Vascular Adaptations

Large artery stiffness is associated with the risk of develop-
ing cardiovascular disease and has become a clinical measure
to assess disease risk and indicate potential health concerns
(Chirinos et al. 2019). Arterial stiffness can be measured using
Ankle-Brachial Pulse Index, Carotid-Ankle Vascular Index,
central pulse wave velocity (carotid-femoral), and/or periph-
eral pulse wave velocity (femoral to dorsalis pedis or brachial
to ankle). The changes in arterial stiffness due to heat exposure
may directly impact changes in blood pressure and vascular
tone (Cheng and MacDonald 2019).

Acute heating responses to arterial stiffness are varied due to
various population sizes, differentiation of sex differences, and
modality of heating and measurement (Cheng et al. 2021; Hu
et al. 2012; Thomas et al. 2017; Lee et al. 2018; Ganio et al. 2011;
Moyen et al. 2016; Schlader et al. 2019; Caldwell et al. 2017; Pyke
et al. 2004). Similarly, heat therapy responses have also been
equivocal. Some investigations have reported that young adults
have improved arterial stiffness, wall thickness, and compli-
ance following heat therapy (Brunt, Howard, et al. 2016; Hunter,
Dhindsa, Cunningham, Hunter, et al. 2013). For example,
Bikram yoga improved carotid artery compliance and reduced
3-stiffness index (Hunter, Dhindsa, Cunningham, Hunter,
et al. 2013). Eight weeks of hot water immersion (whole-body)
elicited improvements in aortic pulse wave velocity, -stiffness
index, carotid wall thickness, and femoral artery compliance

Comprehensive Physiology, 2026

23 of 52



(Brunt, Howard, et al. 2016; Hunter, Dhindsa, Cunningham,
Hunter, et al. 2013), while an ankle-foot bath did not induce
improvements in arterial stiffness as measured by pulse wave
velocity (Cheng et al. 2024).

Age attenuates the health of the vasculature, and age-related
decrements can be further compounded and exacerbated by
cardiovascular disease risk factors, such as high cholesterol
and high blood pressure (Seals et al. 2006). To characterize the
impact of passive heat therapy on vascular function in healthy
older adults, Ruiz-Pick et al. 2025, measured arterial stiffness
via pulse wave velocity before and after 8 weeks of heat therapy.
Central and peripheral pulse wave velocity, or arterial stiffness,
did not improve following heat therapy in these participants
(Ruiz-Pick et al. 2025). Similarly, Bikram yoga improved carotid
artery compliance and beta-stiffness index in young, but not in
middle-aged or older adults (Hunter, Dhindsa, Cunningham,
Hunter, et al. 2013). Longitudinal studies have also reported
that Bikram yoga interventions can improve brachial-ankle
pulse wave velocity in overweight and obese adults, irrespective
of changes in blood pressure (Hunter et al. 2016).

Although the results are equivocal (Brunt, Howard, et al. 2016;
Hunter, Dhindsa, Cunningham, Hunter, et al. 2013), the under-
lying mechanism of improved arterial stiffness is still largely un-
known. One potential mechanism is that the increase in shear
stress may induce remodeling of the arterial wall. Joannides
et al. (2001) demonstrated in vivo that shear stress is directly
related to arterial wall stiffness and compliance. By using blood
flow occlusion and hand heating, they determined that changes
in shear stress (i.e., increases or decreases) were directly associ-
ated with the subsequent increases or decreases in radial artery
wall stiffness (Joannides et al. 2001).

Shear stress stimulates the release of vasodilators from the en-
dothelium, such as nitric oxide and endothelium-derived hyper-
polarizing factor. Kinlay et al. reported that nitric oxide plays a
central role in large artery stiffness (i.e., compliance and pulse
wave velocity) (Kinlay et al. 2001). Further, when Bellien and
colleagues concurrently inhibited nitric oxide synthase via
N(G)-monomethyl L-arginine (L-NMMA) and endothelium-
derived hyperpolarizing factor via tetraethylammonium (TEA),
this counteracted the improvements in wall stiffness and vascu-
lar smooth muscle tone that are typically observed during local
hand heating (Bellien et al. 2010). These data suggest that shear
stress could be the initial step in the cascade of arterial stiffness
changes following heat therapy.

6.2.2 | Cutaneous Vascular Function

Acute heat exposure's effect on cutaneous thermal hyperemia
has been well-documented in the past, with numerous investi-
gations focused on elucidating “THE” vasodilator of the ther-
mal hyperemic response (Fieger 2011; Wong et al. 2006; McCord
et al. 2006; Fujii et al. 2014; Fujii, McGinn, et al. 2015; Fujii,
Pastore, et al. 2018; Fujii, Paull, et al. 2015; Brunt et al. 2015;
Halili et al. 2016; Fujii, Meade, et al. 2016; Fujii, Halili, et al. 2015,
2018; Fujii, McNeely, Nishiyasu, and Kenny 2017; Fujii,
Amano, Halili, et al. 2017; Choi et al. 2014; Fujii, McNeely, and
Kenny 2017; Fujii, Meade, Akbari, et al. 2017; Louie et al. 2017,

2016; Fujii, Dervis, et al. 2016). Few studies have used a chronic
heat exposure model to elucidate the mechanisms driving heat
adaptation in the cutaneous microvasculature. Initial investiga-
tions into the adaptation of the cutaneous microvasculature to
chronic heat exposure were conducted by Carter et al. (2014) and
Green et al. (2010).

Green et al. (2010) investigated the impact that shear stress and
repeated skin vasodilation would have on nitric oxide-dependent
dilation. To test their hypothesis, they attenuated shear stress in
one arm via cuff occlusion while both arms were immersed in
hot water (Figure 7). They reported that chronic heat exposure
of the arm increased nitric oxide-dependent dilation and aug-
mented blood flow. Interestingly, these changes were not seen
in the arm with cuff occlusion, suggesting that the increase in
shear stress was a primary driver of cutaneous microvascular
adaptation to heat exposure (Green et al. 2010).

Carter et al. (2014) sought to understand how cutaneous micro-
vascular adaptation occurs with chronic heat exposure. They
hypothesized that with chronic heat exposure, or as they state,
repeated increases in body core temperature, the cutaneous
microvasculature would have an augmented vasodilatory re-
sponse. In support of their hypothesis, cutaneous vasodilatory
responsiveness to thermal hyperemia was increased following
8weeks of chronic heating (Carter et al. 2014).

Francisco et al. (2017) locally heated one arm for 10days at 42°C
while the other was controlled at 32°C, to investigate whether
the cutaneous microvasculature would become heat-adapted.
They also wanted to understand what mechanisms drive that
peripheral adaptation. There was no change in cutaneous mi-
crovascular function, nor any change in responsiveness to
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FIGURE 7 | Green et al. investigated the impact of shear stress and

repeated skin vasodilation on nitric-oxide-dependent dilation. Laser
Doppler flowmetry (LDF) as expressed by laser Doppler flux are shown
between cuffed (open circles) and uncuffed (closed squares) arms be-
fore, during, and after water bath immersion. During the water im-
mersion responses differed between the cuffed and uncuffed arms
(p<0.001). Figure used with permission. Previously published in The
Journal of Physiology (Figure 1; Green et al. 2010).
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acetylcholine administration (used to interrogate a poten-
tial mechanism). These results contrast with those of Brunt,
Eymann, et al. (2016), who found increased nitric oxide bioavail-
ability and improved nitric oxide-mediated dilation following
8weeks of passive whole-body heat exposure in physically in-
active healthy young adults (Brunt, Eymann, et al. 2016). Taken
together, these data illustrate an essential component of heat
therapy research, which is considering the method/modality of
heat exposure as well as frequency, duration, and time. Brunt,
Eymann, et al. (2016) used whole-body hot tub immersion,
whereas Francisco et al. (2017), Green et al. (2010), and Carter
et al. (2014) used a localized heating stimulus. It seems likely
that differences in heating modalities drive the differences in
outcomes.

Work in the future should be directed at understanding what
heat stimulus is required for beneficial heat adaptation in the
cutaneous microvasculature. Additionally, questions addressed
at the mechanistic level could help us to understand not only
the drivers of heat adaptation in the skin but also the interac-
tions that various pharmacological substances may have on
these mechanisms. This becomes increasingly important as
the frequency of heat events increases due to the rising global
temperatures.

6.2.3 | Endothelial Function

Endothelial function is repeatedly associated with cardiovas-
cular health, and decrements in endothelial function have
been correlated to increased cardiovascular disease risk. In
particular, the measurement of flow-mediated dilation, one
common assessment of conduit artery endothelial function,
has been highly correlated with cardiovascular disease risk
(Green et al. 2011).

In young adults, heat therapy has had varied effects on en-
dothelial function. For example, sedentary young adults
had improved brachial artery flow-mediated dilation fol-
lowing 8-10weeks of hot water immersion (Brunt, Howard,
et al. 2016). Another investigation demonstrated that passive
leg movement, an alternative method of assessing endothelial
function, was improved after 10-day leg immobilization fol-
lowing heat therapy via diathermy (Hyldahl et al. 2021). They
reported that hyperemia was improved for those in the heat
therapy group compared to the control group. Furthermore,
improvements in microvascular function were not due to an
angiogenic response, suggesting that heat therapy improves
leg endothelial function despite immobilization (Hyldahl
et al. 2021).

Hunter et al. (2017) investigated the impact of Bikram Yoga on
cardiovascular health, specifically flow-mediated dilation in
healthy young, middle-aged, and older adults. Following 8 weeks
of Bikram yoga, middle-aged and older adults demonstrated sig-
nificantly improved endothelium-dependent dilation, unlike
young adults, who had no improvement (Hunter et al. 2017).
However, subsequent investigations, which included a thermo-
neutral (23°C) control condition involving 90 min of hatha yoga,
reported comparable improvements in endothelium-dependent
dilation to the Bikram (40°C) group (Hunter et al. 2018).

Therefore, yoga may improve endothelial-dependent dilation re-
gardless of whether heat is involved.

Ruiz-Pick et al. 2025, using a home-based heat therapy, reported
improvements in flow-mediated dilation in the superficial fem-
oral artery following 8 weeks of heat therapy, but these results
were not noted in the sham group, thereby indicating that the
improvements were due to heat therapy alone (see Figure 8).
Moreover, following nitroglycerin administration, a nitric oxide
donor, there were no differences in endothelial-dependent di-
lation between groups. These results suggest that the improve-
ments in dilatory function were isolated to the endothelium and
not the smooth muscle. Interestingly, there were no changes in
reactive hyperemia between either the sham or heat therapy
group, suggesting that improvements were in the conduit ves-
sel only and not the downstream microvasculature (Ruiz-Pick
et al. 2025).

6.3 | Autonomic Health and Function

Several investigations have reported the various effects of acute
whole-body heat exposure on sympathetic activity. Most of
these studies have been done as a means of understanding the
baroreflex response to heat exposure (Cui et al. 2002a, 2002b,
2022; Crandall et al. 2003; Crandall 2008). As we note, few re-
searchers have investigated the effect of chronic heat exposure
on autonomic function. Local acute heat exposure, as used by
Engelland et al. (2020), increased muscle sympathetic nerve
activity (MSNA) in young adults, but blood pressure and neu-
rovascular transduction were unchanged. Interestingly, endo-
thelin-1 increased following acute heat exposure, suggesting
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FIGURE 8 | Ruiz-Pick et al. demonstrated that endothelium-
dependent vasodilation, assessed via flow-mediated dilation (shown
as analysis of covariance (ANCOVA) adjusted flow-mediated dilation),
was improved following 8weeks of home-based heat therapy. Data
were analyzed using a two-way (group X time) mixed model analysis
of variance with repeated measures (sham, n=38; heat therapy, n=11).
Logarithmically transformed baseline diameter and shear rate area
under the curve summed through peak diameter were entered as co-
variates. The horizontal black line denotes the mean at each time point,
for each group and is positioned adjacent to the individual data points.
*p=0.02vs. pre, within group. Figure used with permission. Previously
published in the Journal of Applied Physiology (Figure 4; Ruiz-Pick
et al. 2025).
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this vasoactive compound may play a role in the maintenance of
blood pressure in this setting (Engelland et al. 2020).

Gayda, Bosquet, et al. (2012) used heart rate variability to as-
sess autonomic function following the combination of acute
heat exposure (traditional sauna) and exercise in adults with un-
treated hypertension. They reported that their participants had
significant increases in low-frequency heart rate variability and
reductions in high-frequency heart rate variability, indicating
an increase in sympathetic and a decrease in parasympathetic
activity (Gayda, Bosquet, et al. 2012; Houle and Billman 1999;
Billman et al. 2015). Conversely, Laukkanen et al. (2019) re-
ported favorable autonomic modulation following an acute
traditional sauna session. Notably, there was an increase in
high-frequency variability and a decrease in low-frequency
variability in the 30min following recovery from sauna bath-
ing. The authors suggest these acute adjustments may underpin
long-term cardiovascular adaptations following chronic sauna
use (Laukkanen et al. 2019).

To determine the effects of chronic heat exposure or heat ther-
apy, Cui and colleagues (Cui et al. 2022) used direct nerve re-
cordings and a combination of in-laboratory and home-based
heat therapy to investigate how heat therapy would change
baroreflex sensitivity and the sympathetic responsiveness to
stressors (e.g., hand grip, cold pressor test). Participants in their
investigation performed 4 weeks of “warm baths” 30min a day,
5days per week, at a temperature between 39°C and 41°C (Cui
et al. 2022). Neither cardiac nor sympathetic baroreflex sensitiv-
ity was changed following heat therapy, nor were the responses
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to any of the stressors. Interestingly, the operating points of both
the cardiac and sympathetic baroreflex were reset to a lower
MSNA (see Figure 9) and heart rate (Cui et al. 2022).

Ely, Clayton, McCurdy, et al. (2019) also used direct nerve re-
cordings to investigate the effects of heat therapy in women
with PCOS. We will detail this study later in this review, but it
is important to mention that MSNA was measured before and
after 8-10weeks of water immersion heat therapy. They re-
ported that burst incidence was reduced by A 11 bursts per 100
heartbeats and burst frequency was also reduced by A 7 bursts
per minute. These data show the powerful impact of heat ther-
apy on sympathetic activity in a population known to have
sympathetic overactivity (Ely, Clayton, McCurdy, et al. 2019).
Unfortunately, there are limited studies that have investigated
the long-term autonomic adaptations to heat therapy with
direct recordings. Thus, more work is needed in this area to
better understand the relationship between heat therapy and
sympathetic activity.

6.4 | Blood Pressure

Blood pressure is a highly regulated variable in our bodies.
It is this variable that, when chronically elevated, causes an
increased risk of several cardiovascular diseases and is the
number one risk factor for heart disease. This section will
outline the adjustments and adaptations of blood pressure in
response to heat therapy in healthy young, middle-aged, and
older adults.
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Cui et al. report the reduction in sympathetic activity following 20 warm bath sessions. Mean and individual muscle sympathetic

nerve activity (MSNA), mean arterial pressure (MAP), and heart rate (HR) are reported before (Pre), after (Post), and 1 week following the end of the
20 baths (Postlwk). MSNA is reported as burst frequency (bursts/min) and burst incidence (bursts/100 beats). p value listed is the result of a one-way
repeated-measures ANOVA. Post hoc values are reported vs. Pre, 2p =0.040; ’p=0.045; °p <0.001; 9p=0.001; °p <0.001; and {P=0.018. Figure used
with permission. Previously published in the Journal of Applied Physiology (Figure 1; Cui et al. 2022).
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6.4.1 | Heat Therapy Adaptations in Blood Pressure in
Young and Middle-Aged Adults

In an investigation performed by Brunt, Howard, et al. (2016),
chronic heat exposure via whole-body hot water immersion
reduced mean arterial and diastolic pressure throughout an 8-
week heat exposure. They reported that mean arterial pressure
was reduced at 2weeks and continued to be reduced, along with
diastolic pressure, at weeks 4, 6, and 8 following heat therapy
(Brunt, Howard, et al. 2016). Conversely, Cheng and colleagues
(Cheng et al. 2024) found no reductions in blood pressure in
their young adult participants following 8 weeks of local water
immersion (ankle and foot) heat therapy. Cheng et al. also had
two other intervention groups, one of which was exercise alone
and the other was heat therapy plus exercise. Interestingly, there
was no effect of either the exercise training alone or the combi-
nation of heat therapy and exercise on blood pressure (Cheng
et al. 2024).

Acute Bikram yoga sessions have also been shown to elicit reduc-
tions in diastolic blood pressure that may potentiate long-term
changes with regular practice (Miranda Hurtado et al. 2019).
The translation of adjustments to adaptations for Bikram yoga
practitioners has not been as clear-cut. Tracy et al. (2013) re-
ported that 8weeks of Bikram yoga did not affect blood pres-
sure, maximal oxygen consumption, or heart rate, but did
elicit improvements in body composition and flexibility (Tracy
et al. 2013). Similarly, when Tracy and colleagues examined the
effects of Bikram yoga on measures of cardiovascular function
and disease risk in young, healthy, sedentary individuals, the
effects were matched between groups (Tracy and Hart 2013). In
contrast, another investigation reported that Bikram yoga did
improve blood pressure and flow-mediated dilation in young
black women following sodium loading (Hunter et al. 2023).

Results have also been mixed for Bikram yoga in middle-aged
individuals. Following an 8-week intervention where a group of
middle-aged experienced and naive Bikram practitioners com-
pleted between 2 and 7 sessions per week, mean arterial pressure
was reduced by 4mmHg (Marger et al. 2016). Reductions in sys-
tolic blood pressure were also observed in heat stress-naive indi-
viduals following the 8-week intervention (Marger et al. 2016).
In a separate 16-week intervention, middle-aged participants
with a higher adherence rate (3-5 Bikram Yoga sessions per
week) had greater reductions in diastolic blood pressure than
those who were less adherent (Hewett et al. 2017).

Is the effect of heat therapy on blood pressure equivocal,
based on these studies that have had mixed results in young
and middle-aged participants? We would argue that the differ-
ent heating methods used between studies play a significant
role in whether there are beneficial adaptations. The stimu-
lus for adaptation, whole-body hot water immersion as used
by Brunt, Howard, et al. (2016) vs. the ankle and foot bath
as used by Cheng et al. (2024), is vastly different. It would
also appear that population and training status may be crit-
ical modulatory factors when looking at the efficacy of com-
bined heat therapy and yoga exercise. Overall, a knowledge
gap still exists regarding the minimal stimulus or heat therapy
prescription for reducing blood pressure in healthy young and
middle-aged adults.

6.4.2 | Effect of Heat Therapy on Blood Pressure
Responses in Healthy Aged Adults

From participants in the Kuopio Ischemic Heart Disease Study,
we know that higher frequency sauna use in men aged 42-60
results in a lower risk of developing hypertension (Zaccardi
et al. 2017). Brunt, Rosenberg, et al. (2019) also investigated
the effect of heat therapy in older adults, using 30 sessions of
whole-body water immersion. Their preliminary results show
that systolic blood pressure is reduced by ~10mmHg. Similarly,
Blankenship et al. also saw reductions in mean arterial pressure
and diastolic blood pressure in their population of older adults
following 4 weeks of whole-body water immersion heat therapy
(Blankenship et al. 2025). An 8-week home-based heat therapy
program in older adults using water-perfused pants by Ruiz-Pick
et al. (Figure 10; Ruiz-Pick et al. 2025) also showed that 24-h sys-
tolic blood pressures were reduced by an average of 5SmmHg in
the heat therapy group, and in-laboratory pressures (systolic, di-
astolic, and mean) were reduced by 8-9 mmHg (Ruiz-Pick et al.
2025). In contrast to these strong effects, one report in healthy
older adults using far-infrared sauna by Fuchs et al. (2025) re-
ported no change in blood pressure. Given the limited impact
of far-infrared on core body temperature, as noted previously
(Reed et al. 2025), it would appear that, in general, heat therapy
is effective at reducing blood pressure and protecting against the
development of hypertension in healthy aged adults, so long as
appropriate modalities are used.

6.5 | Benefits of Heat Therapy on the Brain
and Neurocognitive Disorders

Alzheimer's disease is the most common neurodegenerative
disease, and yet, there are currently no disease-modifying
treatments and no cure. Characterized by worsening memory,
reduced social performance, and declines in cognitive function
(Nelson et al. 2012; Teri et al. 1989), the etiology of AD is poorly
understood. While aerobic exercise has shown some benefits for
improving brain health during healthy aging and in dementia
models of AD (Adlard et al. 2005; Ahlskog et al. 2011; Intlekofer
and Cotman 2013), not all individuals benefit from exercise.
Reasons for this include difficulties with compliance or the
presence of comorbidities that hinder an individual's ability to
complete exercise. As a result, alternative therapies and treat-
ments for the declines in cognitive function that occur with AD
and other neurodegenerative diseases are needed. Heat therapy
could be a viable alternative.

6.5.1 | HSPs as Therapeutic Targets in Brain Health

A loss of cellular protein homeostasis, or proteostasis, is a hall-
mark of many neurodegenerative diseases (Ciechanover and
Kwon 2017; Klaips et al. 2018). AD pathology is characterized
by fB-amyloid (AR) protein fragments or aggregates and intra-
cellular neurofibrillary tangles of phosphorylated tau (P-tau)
proteins (Sherman and Goldberg 2001; Winklhofer et al. 2008).
AR in toxic amounts can hinder synaptic communication be-
tween neurons and lead to cell death (Winklhofer et al. 2008).
Microglia, or immune cells in the brain, are activated to
clear A, but failure of this process can lead to chronic and
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FIGURE10 | Ruiz-Picketal. reported thatambulatory systolic blood
pressure (measured via 24-h blood pressure) was improved following
8weeks of home-based heat therapy. The change in ambulatory day-
time systolic (top), diastolic (middle), and mean (bottom) arterial blood
pressures are shown for each group. The delta pressure was calculated
as post-intervention minus pre-intervention pressure. Data were ana-
lyzed using a one-tailed Student ¢-test (sham, n =8; heat therapy, n=11).
The horizontal black line denotes the mean. *p =0.04 vs. sham. Figure
used with permission. Previously published in the Journal of Applied
Physiology (Figure 3; Ruiz-Pick et al. 2025).

neurodegenerative inflammation (Sherman and Goldberg 2001;
Winklhofer et al. 2008; Hands et al. 2008). In addition to toxic
protein accumulation, AD pathogenesis is linked to vascular
impairments and chronic cerebral hypoperfusion (Akinyemi
et al. 2013; de la Torre 2004; Sweeney et al. 2018). The ex-
panding multifactorial etiology of AD includes reduced energy

metabolism in the brain, the contribution of an inactive/seden-
tary lifestyle, reduced aerobic capacity, and cardiovascular and
metabolic risk factors (reviewed in Morris et al. 2014). These
findings further support the need to pursue alternative novel ap-
proaches for the treatment and prevention of AD.

HSPs facilitate many processes known to benefit cellular
health, and the upregulation of HSPs as therapeutic targets
for the treatment of neurodegenerative disease is an emerging
idea (Ciechanover and Kwon 2017; Klaips et al. 2018; Carman
et al. 2013; Kalmar et al. 2014; Schapira et al. 2014; Webster
et al. 2017). HSPs are integral in the folding of newly synthe-
sized proteins, the refolding of damaged proteins, targeted
degradation of nonfunctional proteins and organelles, pre-
vention of oxidative damage, import/export of proteins into/
out of the mitochondria, and intracellular signaling (includ-
ing insulin signaling) (Drew et al. 2014; Willmund et al. 2013;
Frydman 2001; Parsell and Lindquist 1993; Hartl et al. 2011).
Not surprisingly, changes in the HSP expression profile and
cellular localization are linked to numerous disease states.
Studies suggest that induction, transcription, and translation
of these cytoprotective HSPs decline in chronic metabolic
and neurodegenerative diseases (Chung et al. 2008; Di Naso
et al. 2015; Labbadia et al. 2011). Amyloid plaques and neu-
rofibrillary tangles are thought to occur as a result of failed
protein homeostasis, or proteostasis (Hetz and Saxena 2017;
Sherman and Goldberg 2001; Winklhofer et al. 2008; Hands
et al. 2008), and age-dependent declines in HSPs could leave
neuronal and non-neuronal cells open to proteotoxic insults
and increase the risk for the development of AD (Hetz and
Saxena 2017; Kaushik & Cuervo, 2015).

Activation of the transcription factor heat shock factor 1
(HSF1) initiates the heat shock response in the cytoplasm
(Wu 1995). HSF1 is activated in response to elevated tem-
perature, oxidant exposure, metals, and other conditions as-
sociated with protein misfolding, perhaps through an internal
temperature sensor mechanism that is not yet fully understood
(Zhong et al. 1998; Zou et al. 1998). The primary heat shock
transcription factor, HSF-1, is decreased in brains from AD
animal models and decreases with increasing severity of neu-
ropathology (Braak staging) in AD brains from human partic-
ipants (Kim et al. 2017).

There are a number of proteins known to regulate HSF1 that
are altered by brain aging. For instance, glycogen synthase ki-
nase 3 (GSK-3) activity is increased in aging brains and has
been known to promote tau pathology (Hooper et al. 2008).
Importantly, GSK-3 is a stress kinase that can also impair
insulin signaling and glucose metabolism, and inhibition of
GSK-3 is well known to improve whole-body insulin resis-
tance and glucose metabolism (Nikoulina et al. 2002) and,
as such, is being investigated as a potential AD therapy (Pal
et al. 2021). Insulin signaling affects a variety of vital cellular
processes within the brain, including amyloid beta traffick-
ing and release, tau phosphorylation, long-term potentiation,
and cell survival (de la Monte 2012; Morris and Burns 2012).
Such mechanisms may underscore the increased risk for AD-
related neurodegeneration conferred by insulin resistance.
Gupte et al. have shown in preclinical, mechanistic stud-
ies that heat therapy directly increases HSP expression and
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is associated with benefits to fasting glucose and insulin-
stimulated glucose uptake (Gupte et al. 2009, 2011). As
mentioned, the benefits of heat therapy likely occur via the
induction of molecular chaperones (Calderwood et al. 2009;
Hsu et al. 2003), which facilitate the refolding of damaged
proteins and the import/export of proteins into and out of the
mitochondria, target degradation of nonfunctional proteins/
organelles, and prevent oxidative damage (Drew et al. 2014;
Parsell and Lindquist 1993; Hartl et al. 2011). Chadwick et al.
recently demonstrated that increasing HSPs with repeated
bouts of heat therapy in a pilot study of human participants
with fibromyalgia and centralized pain (3 sessions/week of
45min per session for 4weeks) resulted in consistent trends
for decreased expression of multiple inflammatory markers
(Chadwick et al. 2025), and a growing body of work suggests
inflammation is a potential factor in AD. This finding is sup-
ported by preclinical research where pharmacologically in-
duced expression of HSP70 in an AD mouse model decreased
inflammatory cytokine levels (Sun et al. 2017). Importantly,
cognitive function was also improved, as was clearance of
AB40 and AP42, as a result of geranylgeranylacetone (GGA)
induction of HSP70. Administration of recombinant HSP70
has been shown to alter the inflammatory environment in rat
brains (Shevtsov et al. 2014) and ameliorate A accumulation
and memory deficits in aged mice (Bobkova et al. 2014). In
addition, prior research shows that the HSP multichaperone
complex formed by HSP70/HSP90 can regulate pathologically
modified Tau (Moll et al. 2022). Further studies are needed to
determine if posttranslational modifications of Tau, such as
phosphorylation and acetylation, could occur in response to
heat therapy, thereby linking the modification of Tau by HSPs
to this intervention. Together, these findings in humans and
in animal models provide strong evidence that targeting the
Heat Shock response using heat therapy could be an effective
approach for preventing neurological disease.

6.5.2 | Evidence for Targeting Peripheral Metabolism
to Modulate AD Risk

Elevated fasting glucose is linked with increased clinical pro-
gression of cognitive impairment in its early stages (Morris
et al. 2014). Glycemic regulation is starting to be recognized as
an effector of AD neuropathology in cognitively healthy older
adults at risk for AD (elevated cerebral amyloid). This suggests
a potential link between glycemic regulation and proteostasis.
For instance, prior data show cross-sectionally that both pre-
diabetic fasting glucose levels and a history of dietary sugar
intake track positively with increased regional cerebral am-
yloid in cognitively healthy older adults (Taylor et al. 2017).
The relationship between blood glucose levels and amyloid
neuropathology in the earliest stages of AD-related pathology
is further supported by mechanistic work. Increased blood
glucose is associated with increased brain interstitial amyloid
(Macauley et al. 2015), while in tissues, elevated glucose is as-
sociated with inhibited amyloid beta catabolism and increased
amyloid beta levels (Akhtar et al. 2016). Finally, secondary
analysis of the Alzheimer's Prevention through Exercise
(APEX) trial (n=106) in cognitively healthy older adults at
risk for AD shows that longitudinal increases in fasting glu-
cose over 1 year are associated with regional increases in

brain amyloid regardless of exercise treatment group (Honea
et al. 2022). This suggests that glucose regulation may be an
important therapeutic target in cognitively healthy individu-
als with AD risk factors.

In this same secondary analysis of the APEX trial, the initial
signs of cerebral AD-related brain changes occurred across
multiple modalities, including MRI measures of brain struc-
ture, which occurred in the absence of significant differences
in body weight, body composition, or apolipoprotein epsilon 4
(APOE4) genotype status (carrier or noncarrier). Specifically,
increased levels of hippocampal atrophy were seen in indi-
viduals whose glucose worsened longitudinally compared to
those whose glucose improved (Honea et al. 2022). Together,
these data demonstrate the importance of targeting systemic
glucose metabolism as a potential way to modulate brain
health outcomes in cognitively healthy older adults at risk
for AD.

Insulin signaling can alter A trafficking and release, tau phos-
phorylation, and cell survival, processes that increase risk for
neurodegeneration (de la Monte 2012; Morris and Burns 2012).
Increased circulating levels of insulin or systemic insulin re-
sistance have been shown to alter the blood-brain barrier by
downregulating endothelial insulin receptors and decreas-
ing permeability of the blood-brain barrier to insulin (Rhea
and Banks 2019). Morris et al. (2016) have also shown that
insulin sensitivity is impaired in patients with AD. Using the
hyperinsulinemic-euglycemic clamp, they showed that patients
with AD had decreased insulin sensitivity compared to cogni-
tively healthy older adults. Given that skeletal muscle is the site
of 80%-85% of glucose disposal (DeFronzo and Tripathy 2009),
impaired skeletal muscle metabolism could greatly impact AD
risk. Low aerobic capacity is a risk factor for AD, and skele-
tal muscle mitochondrial content and function drive whole-
body aerobic capacity (Lanza and Nair 2009; Tanaka and
Seals 2008). Skeletal muscle mitochondrial dysfunction has
been examined as a primary cause of whole-body insulin re-
sistance (Fisher-Wellman and Neufer 2012; Lee et al. 2009;
Yuzefovych et al. 2012), which contributes to increased AD risk
(Arvanitakis et al. 2004; Cheng et al. 2011; Janson et al. 2004;
Leibson et al. 1997; Luchsinger et al. 2007; Ott et al. 1999; Peila
et al. 2002; Profenno et al. 2010; Stewart and Liolitsa 1999; van
der Heide et al. 2006; Xu et al. 2009; Yaffe et al. 2004).

Extensive research demonstrates that mitochondria from
participants with AD are different from mitochondria from
participants without cognitive dysfunction (Swerdlow 2018).
These differences are observed systemically, as individuals
with mild cognitive impairment (MCI) or AD show decreased
cytochrome oxidase activity in blood platelets and lower mi-
tochondrial respiratory rates in cell lines generated from
mitochondrial DNA from patients with AD compared with
those generated from cognitively healthy older adults (Silva
et al. 2013). The production of reactive oxygen species (ROS),
or mitochondria-produced H,O, emissions, results in in-
creased A production that can lead to mitochondrial deficits
(Silva et al. 2013; Parker Jr et al. 1990). Mice transgenic for
the human APOE4 gene, the primary genetic risk factor for
AD, have decreased mitochondrial respiratory capacity and
reduced electron transport complex content in neurons (Chen
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et al. 1999). In human skeletal muscle, a relationship be-
tween cellular stress in skeletal muscle and cognitive status in
APOE4 carriers has been demonstrated (Johnson et al. 2023).
These additional results suggest that genetic risk may mediate
early-life effects on skeletal muscle mitochondria and energy
expenditure and impact AD risk (Johnson et al. 2025).

Another aspect of mitochondrial function implicated in AD in-
volves quality control processes, or the regulation of mitochon-
drial biogenesis and mitophagy (the degradation of mitochondria
via autophagy) (Ni et al. 2015). The process of targeting mito-
chondria to lysosomes to be degraded or recycled helps main-
tain a healthy mitochondrial pool and thus maintains neuronal
function and survival (Fang et al. 2016, 2014). It is a plausible
theory that a defect in mitophagy results in the accumulation of
dysfunctional mitochondria, further promoting AD pathology
and memory loss. Although no studies to date have examined
the impact of heat therapy on mitophagy function in humans,
future work will hopefully address this potential mechanism of
action.

6.5.3 | Evidence for Targeting Vascular Function to
Modulate AD Risk

Cardiovascular disease contributes to increased risk of AD and
vascular dementia, a form of dementia associated with cere-
brovascular disease (Kennelly et al. 2009; Ying et al. 2016).
Evidence supports a link between AD and reductions in ce-
rebral blood flow and alterations to the blood-brain barrier
(Akinyemi et al. 2013; de la Torre 2004; Sweeney et al. 2018).
The blood-brain barrier is integral for A{ clearance, the regu-
lation of macrophage infiltration, and inflammation in general
(Zlokovic 2011), and HSPs have emerged as key mediators in
maintaining blood-brain barrier integrity (Jiang et al. 2020).
Although prior research has focused on HSP function in ce-
rebral ischemia-reperfusion injury, the potential for HSPs to
reduce blood-brain barrier permeability by minimizing oxi-
dative stress and suppressing inflammation offers promising
therapeutic strategies for AD treatment as well. Hypertension,
prevalent in two-thirds of adults over the age of 65, has also
been tied to the development of cognitive decline, AD, and vas-
cular dementia. For example, higher systolic blood pressure
is associated with smaller regional and total brain volume as
well as decreased brain volume over time (Firbank et al. 2007;
Gianaros et al. 2006; Glodzik et al. 2012; Leritz et al. 2011;
Nagai et al. 2008). The brains from individuals with chronic
hypertension demonstrate increased A, atrophy, and neuro-
fibrillary tangles, as well as evidence of decreased brain glu-
cose metabolism (Ashby et al. 2016; Petrovitch et al. 2000).
Vascular remodeling and increased arterial stiffness can lead
to increased arterial pulse pressure and resultant endothelial
dysfunction. Furthermore, as a result of hypertension, en-
dothelial dysfunction occurs with chronic decreases in cere-
bral blood flow. Importantly, recent findings in healthy older
adults demonstrate a relationship between cerebrovascular
health and AD neuropathology, emphasizing the potential for
vascular dysfunction in the development of neurodegenerative
disease (Liu et al. 2019; Sisante et al. 2019). All of these factors
emphasize the important role of studying vascular function in
AD progression and prevention.

6.5.4 | Potential Benefits of Heat Therapy
for AD Prevention

As discussed in an earlier section on heat therapy and metab-
olism, numerous studies demonstrate heat therapy benefits
for blood glucose regulation. Despite a lack of data in AD risk
cohorts, a recent study demonstrated the safety and effective-
ness of heat therapy in aged individuals with peripheral arte-
rial disease. In that 12-week study, heat therapy via hot water
immersion and supervised exercise improved walking distance
and resting blood pressure (Akerman et al. 2019). This study
demonstrates that heat therapy improves functional ability
and cardiovascular outcomes in aged individuals (mean age of
heat group 76 + 8 years). Importantly, adherence to heat therapy
was excellent, and the heat was well-tolerated in this popula-
tion. Chronic heat therapy has been shown to improve cardio-
vascular outcomes in a number of populations. Eight weeks of
heat therapy improved endothelial function, arterial stiffness,
wall thickness, and blood pressure in healthy, young individu-
als (Brunt, Howard, et al. 2016), and improved cardiovascular
outcomes in individuals with type 2 diabetes (James et al. 2024),
and PCOS (Ely, Francisco, et al. 2019).

Blankenship and colleagues conducted the first study to ex-
amine the effect of heat therapy on AD risk. The authors con-
ducted a pilot study of 4weeks of heat therapy (3 sessions/
week with an increase in core temperature of 1°C through-
out a 45-min heat session) in older individuals at risk for AD
(Blankenship et al. 2025). A total of 18 participants (9 males,
9 females; mean age: 71.1 +3.9years) demonstrating meta-
bolic risk (i.e., a diagnosis of prediabetes or T2D, or at least
two of the following criteria: hypertension, dyslipidemia,
BMI >30) completed the intervention. Participant adherence
for the study was 96% (8 missed sessions out of 216 total ses-
sions), with one study-related mild adverse event (mild diz-
ziness/nausea). Overall, the research participants responded
to a post-intervention survey saying they enjoyed participat-
ing in the study and it was not a burden on their schedules.
Secondary outcomes of the intervention demonstrated signif-
icant changes in mean arterial pressure, diastolic blood pres-
sure, and cerebral blood flow (p <0.05), with a trend toward
improved body mass index (p=0.06). Although no changes
were observed in fasting glucose or HbA1lc, additional studies
are underway with a longer intervention (10 weeks) and a ther-
moneutral control group.

Richey et al. (2025) investigated the impact of 8weeks of
home-based lower leg heat therapy on plasma biomarkers of
Alzheimer's disease and related dementias in postmenopausal
women with hypertension and no cognitive impairment. In the
participants who underwent 8weeks of heat therapy, plasma
phosphorylated Tau 181 (p-Taul81) was reduced. These find-
ings may indicate that although hypertension increases the
risk of Alzheimer's disease and related dementias, heat ther-
apy may serve as protection for neurocognitive decline (Richey
et al. 2025).

Like heat therapy, sauna bathing has also been shown to
have beneficial effects on cardiovascular disease (CVD) and
dementia (Heinonen & Laukkanen, 2018). We have previ-
ously described the prospective population-based study in
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which sauna bathing was associated with a significantly
lower risk of fatal CVD-related events and all-cause mortal-
ity (Laukkanen et al. 2015). A follow-up study on that same
cohort further showed that sauna bathing lowered the risk of
neurodegenerative disease, dementia, and AD (Laukkanen
et al. 2017). The findings indicate that sauna bathing four to
seven times a week results in a risk reduction of 66% for de-
mentia and a 65% risk reduction of AD when compared with
only one sauna session per week. Similar to hot water immer-
sion, sauna bathing has also been shown to produce systemic
blood pressure-lowering effects, increase cardiac output via
an increase in heart rate, and decrease peripheral vascular
resistance. Further studies are warranted to establish the
potential mechanisms linking sauna bathing and memory
diseases but support the idea that interventions that elevate
body temperature may improve peripheral metabolic function
and brain health, possibly by activating the HSP response.
Figure 11 shows a summary of the beneficial effects of heat
therapy on AD and dementia risk.

And finally, although studies directly examining the effects of
heat therapy on mitochondrial function in patients at risk of
AD have not been conducted, existing studies in humans are
promising. The use of diathermy in healthy, young adults has
demonstrated improved skeletal muscle mitochondrial function
when used for several hours a day for 6days (Hafen et al. 2018)
up to 6weeks (Marchant et al. 2022). These findings support
the extensive evidence from preclinical studies demonstrating
an effect of heat therapy on mitochondrial function (Liu and
Brooks 2012; Henstridge et al. 2014; Drew et al. 2014; Archer
et al. 2018; Von Schulze et al. 2021). Given the growing emphasis
on investigating mitochondrial health in aging and neurodegen-
erative disease, this is an exciting future direction for studies on
heat therapy. Overall, research suggests that the many biologi-
cal functions of HSPs to modify membrane structure, proteosta-
sis, inflammation, cell signaling, and mitochondrial function,
among others, could benefit patients with AD and other neuro-
logical disorders.
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6.6 | Heat Therapy as an Alternative Treatment
for Mental Health and Sleep Quality

6.6.1 | Changesin Mental Health Following
Heat Therapy

We have previously discussed several investigations that were
aimed at using heat therapy as a nonpharmacological inter-
vention to improve physiological health. Mental health (e.g.,
depression, anxiety, etc.) has a significant impact on cardiovas-
cular function, autonomic function, muscular function, meta-
bolic function, cognition, disease risk, and disease (Auerbach
et al. 2018; Dewani et al. 2023; Phimphasone-Brady et al. 2024;
ter Meulen et al. 2021; Walker et al. 2015). Therefore, it is im-
portant to determine whether heat therapy can be an alternative
or adjuvant treatment for various mental health disorders.

There are some reports that acute heat exposure improves var-
ious indices of mental health. Bauer et al. (1995) reported that
in the immediate day following a fever, patients with major
depressive disorder had an improvement in mood, but unfor-
tunately, their mood worsened in the subsequent days. These
results may be because acute improvements due to increased
body core temperature are transient, or the lack of a fever the
next day could directly impact their mood (Bauer et al. 1995).
Janssen et al. (2016) investigated the impact of an acute heat
exposure session on depression severity. Participants were ran-
domly assigned to either a sham group or a whole-body heat ex-
posure group and underwent assessments of various indices of
depression and mental health using the Hamilton Depression
Rating Scale, Inventory of Depressive Symptomatology self-
report, Sheehan Disability Scale, and Quality of Life Enjoyment
Satisfaction Scale (Janssen et al. 2016). They also reported
the length of their current depressive episode and the num-
ber of past episodes before and after acute heat exposure. The
whole-body heat exposure group underwent mild-intensity
hyperthermia where the heating was focused at the level of
the chest through infrared lights, and at the level of the legs

Improved
metabolic health

Decreased risk for
Alzheimer's
Disease

FIGURE 11 | Overview of the potential impact of heat treatment on brain health. Repeated heat treatment, primarily by hot water immersion,
results in several systemic effects with implications for brain health including increased glycemic control and decreased resting blood pressure. Pilot

studies reveal, for the first time, alterations in brain blood flow with chronic heat treatment, and preclinical studies demonstrate increased protein

homeostasis with implications for total protein aggregation. Together these physiological adaptations could improve metabolic health and decrease

the risk for Alzheimer's Disease. HbAlc, hemoglobin Alc, or glycated hemoglobin. Created with Biorender.
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through infrared heating coils. Participants were heated until
their core temperature reached 38.5°C, which took between
81 and 140min. Following one bout of acute heat exposure,
measurements were taken across 6weeks at various weekly
and biweekly intervals. Janssen et al. reported that depression
scores were lower in the 6 weeks following acute heat expo-
sure. Furthermore, the reduction in symptom severity and de-
pressive episode remission rivals that of antidepressant trials
which involve daily pharmacological intervention (Janssen
et al. 2016). Given the promising nature of these data, others
have followed similar investigations in a variety of populations
with various health conditions and diseases.

Laukkanen and colleagues prospectively analyzed a cohort of
men aged 42-61 yearstodetermine the impact that Finnish sauna
bathing had on psychotic disorders (Laukkanen, Laukkanen,
and Kunutsor 2018). Those who performed sauna bathing more
frequently during the week had a lower risk of developing psy-
chotic disorders than those who performed fewer sauna bathing
sessions. These results remained even after excluding men who
were taking antidepressants and adjusting for age, body mass
index, total cholesterol, socioeconomic status, and physical ac-
tivity (Laukkanen, Laukkanen, and Kunutsor 2018). Waon ther-
apy has also been used as a means of improving mental health
(Soejima et al. 2015; Masuda et al. 2005). Soejima and colleagues
(Soejima et al. 2015) tested the feasibility and safety of Waon
therapy in patients with chronic fatigue syndrome. As part
of this study, they administered the Profile of Mood States or
POMS questionnaire before and after 4 weeks of 5days per week
Waon therapy. They reported that the POMS score for anxiety
and depression was decreased following heat therapy (Soejima
et al. 2015).

Similarly, Masuda et al. (2005) also used Waon therapy in a
group of mildly depressed patients. Heat therapy reduced so-
matic and mental complaints but did not change the self-rating
depression scale results (Masuda et al. 2005). Mason and col-
leagues investigated the effect of either 4 or 8 heat therapy ses-
sions in combination with a maximum of 8 cognitive behavioral
therapy sessions (in a week) on individuals with major depres-
sive disorder (Mason et al. 2024). Heat therapy sessions were
completed in an infrared sauna with a temperature that reached
52.7°C, and participants stayed in the sauna until body core
temperature reached 38.5°C, which ranged from 110 to 140min
between participants. This was then followed by wrapping the
participant in warm towels for 15+ 8min. Before and after the
intervention, depression scores, mood, and cognitive responses
were measured. Participants who completed the treatment had
reductions in depression symptoms. Additionally, at the end of
the intervention, almost all of the participants no longer met the
criteria for major depressive disorder (Mason et al. 2024) These
data suggest there is great promise in utilizing whole-body heat
therapy as an alternative or adjuvant treatment for those with
mental disorders.

Taken together, this limited research indicates that heat ther-
apy generally has a beneficial effect on major depressive disor-
ders and depression symptoms in a variety of populations. We
again reiterate that modality, frequency, duration, and tempera-
ture are crucial aspects that should be considered and further

investigated before a “prescription” is given to adults with men-
tal health disorders or concerns.

6.6.2 | Sleep Quality Improvements Following
Heat Therapy

Among the lay community, heat therapy has long been associ-
ated with beneficial effects on sleep quality, to the extent that
“improving sleep” is identified by 80% of sauna bathers as one
of their motivations for participating in the practice (Hussain
et al. 2019). Multiple large surveys report that sauna users have
more satisfactory sleep patterns compared to nonsauna bathers
(Engstrom et al. 2024) or have improved sleep quality for several
nights following sauna use (Hussain et al. 2019). While much of
the data on sleep and sauna bathing is from subjective surveys,
there is one classic report from a prospective study in five par-
ticipants showing that acute sauna use increased the amount of
deep (slow-wave) sleep and reduced the time spent awake during
the night (Putkonen and Eloma 1976). More rigorous studies
have been conducted on the effects of foot and partial or whole-
body warm baths taken before sleep. Systematic reviews indi-
cate positive effects in most of these studies, including increased
slow-wave sleep and decreased sleep latency (Liao 2002; Nasiri
et al. 2024). As these effects are not observed with thermal-
neutral baths (Horne and Reid 1985), this is not a matter of time
spent relaxing before sleep but is believed to be an effect on ther-
moregulatory pathways that link to sleep (Buguet 2007). With so
little data directly tracking sleep (i.e., using polysomnography or
actigraphy) in relation to heat therapy, and a growing knowledge
base around the chronobiology of exercise (Brito et al. 2022), it
would seem that a similar exploration of the chronobiology of
heat therapy is due.

As mental health and sleep are linked (Baranwal et al. 2023),
and the association between AD and sleep disturbance is well-
established (Tranah et al. 2011; Mander 2013), it would seem
that this is an area that should be further investigated as the
work of heat therapy moves forward. A potential avenue for re-
search could include investigations into heat therapy and sleep
quality, and the subsequent changes in autonomic function, cog-
nitive function, and mental health. Regardless of the focus of the
investigation, more research is necessary to understand whether
heat therapy can be used to improve these aspects of health and
well-being.

7 | Heat Therapy in Disease Prevention and
Management

Heat therapy in young and older healthy adult populations has
provided a foundational understanding of the physiological re-
sponses to heat therapy. The clinical relevance of heat therapy
has also been investigated in some important patient popula-
tions. These studies provide more evidence of the clinical utility
of heat therapy as an alternative or adjuvant treatment option.
In this section, we have outlined several disease conditions and
the impact of a heat-adapted phenotype on clinically meaning-
ful outcomes. The relevant studies have utilized multiple heat-
ing modalities and variations on the FTDM principle. Where
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appropriate, we have outlined these studies in the text, and they
are also included in Tables 1-3.

7.1 | Impact of Heat Therapy on Metabolic
Function in Type 2 Diabetes

Type 2 diabetes continues to be an advancing problem in mod-
ern society. An aging population, increasingly sedentary life-
styles, and abundant fast food contribute to this expanding risk.
Type 2 diabetes is characterized by metabolic dysfunction, pri-
marily attributed to a loss of insulin sensitivity in peripheral tis-
sues, resulting in poor glucose control. Disease pathology is also
closely associated with inflammation, cellular oxidative stress,
and mitochondrial dysfunction. Pharmacological approaches,
as well as lifestyle modifications like diet and exercise, can be
effective in preventing and even reversing type 2 diabetes in its
early stages. Adherence to exercise training and diet has long
been problematic for many populations; therefore, alternative
approaches are in high demand. Although human studies are
still somewhat limited, heat therapy in the form of hot water
immersion or sauna is effective at targeting the cardiometabolic
risk factors of Type 2 diabetes.

Aninitial study in the field was a small intervention study that in-
vestigated the impact of hot tub immersion on eight participants
(37.5% female, 43-68 years). Participants underwent six sessions
of heat therapy per week for 3weeks. Heat therapy was admin-
istered via hot water immersion for 30 min per session, result-
ing in a 0.8°C rise in body core temperature. Study participants
were all characterized as having type 2 diabetes. After 3weeks,
significant reductions in fasting glucose and hemoglobin A1C
(HbA1c, an indicator of long-term glucose regulation) were ob-
served (Hooper, 1999). Studies by Olah et al. (2011) and Kocak
et al. (2020) employed a similar approach using balneotherapy
for 3weeks. In these studies, glucose levels were decreased after
treatment in participants with obesity (BMI>25kg/m?, Oldh
et al. 2011) and type 2 diabetes (Kogak et al. 2020). In fact, in as
little as 2weeks of hot water immersion, Hoekstra et al. (2018)
observed decreased fasting glucose in overweight men, while
2weeks of daily sauna treatment resulted in lowered fasting glu-
cose in healthy obese individuals (Biro et al. 2003). In a series
of 8-10 hot water immersion sessions over 14 days, fasting in-
sulin and insulin sensitivity were improved in individuals with
type 2 diabetes, though fasting glucose was unchanged (James
et al. 2023).

Longer durations of heat therapy also show reductions in blood
glucose. Hesketh et al. (2019) measured a decrease in glucose
area under the curve (AUC) following an oral glucose tolerance
test in 10 healthy, sedentary participants exposed to daily room
air at 40°C, with 40% humidity, compared to an exercise-only
group exercising at moderate intensity (40-50min of cycling at
65% VOzpeak). Both intervention groups were matched for time,
with participants either cycling or exposed to heat for 40-50 min
three times per week. As in most of these studies, the compari-
son group was a nonintervention (i.e., no heat therapy treatment)
control rather than a thermoneutral treated group. Nonetheless,
the lack of thermoneutral controls in these studies is one limita-
tion of the work to date characterizing the effects of chronic heat
on glucose regulation.

Despite the accumulating evidence that heat therapy improves
glucose regulation (Hoekstra et al. 2018; Hooper, 1999b; Olah
et al. 2011; Kogak et al. 2020), some studies show no effect of
repeated heat bouts on glucose regulation. For example, in a ran-
domized clinical trial of 128 participants with varying degrees
of stenosis, Qiu et al. (2014) observed no changes in fasting glu-
cose or 2h-post glucose ingestion following 4 weeks of hot water
immersion. One possible reason for the lack of effect could be
the older population (average age 62-65years). Also, body core
temperature was not assessed; therefore, it may not have been
significantly raised by the intervention (water temperature
maintained at 39°C). Variability in the timing and length of heat
interventions, lack of true control, or monitoring of body core
temperature, as well as major differences in participant disease
profile (i.e., healthy, Type 2 diabetes, obese, cardiovascular dis-
ease, and average age) all result in less than perfect comparisons
between studies.

Interestingly, Blankenship and colleagues reported that older
individuals with metabolic risk who underwent 4 weeks of heat
therapy (three times per week, 45min per session) exhibited no
significant changes in fasting glucose or glucose area under the
curve following an OGTT (Blankenship et al. 2025).

Another study by Pallubinsky et al. (2020; Figure 12) demon-
strated that 10days of repeated heat sessions in overweight,
nondiabetic participants resulted in lowered fasting glucose and
insulin concentrations following hyperinsulinemic-euglycemic
clamp. Although the length of the study was only 10days, the
heat intervention was 4-6h/day at a lower heat threshold of
34.4°C. This highlights the need for additional studies to de-
termine the optimal timing, duration, and temperature of heat
therapy for metabolic health.

Overall, heat therapy seems to elicit beneficial adaptations in
those with Type 2 diabetes, further reinforced by a meta-analysis
published by Sebdk et al. (2021). Based on these data, we can
speculate that whole-body heat exposure at temperatures of
39°C-40°C for at least 8 weeks will elicit the greatest benefit in
this population.

7.2 | Impact of Heat Therapy on Hypertension

Hypertension is a primary, modifiable risk factor for cardiovas-
cular disease (Chobanian et al. 2003; Flack and Adekola 2020).
Although pharmacological treatments are prevalent, the first-line
treatment for hypertension is lifestyle modification, such as ex-
ercise training (Whelton et al. 2017). Both exercise training and
pharmacological treatments can be, but are not always, effective or
adhered to by individuals with hypertension (Whelton et al. 2017;
Dickinson et al. 2006). Thus, heat therapy provides an alternative
or adjuvant treatment to improve blood pressure in this population.
Along these lines, whole-body heat therapy in the form of Finnish
sauna reduced the risk of hypertension development in men who
did not have hypertension at baseline testing (Zaccardi et al. 2017).
These data, while compelling, are beyond the ability of investiga-
tors to replicate in an experimental setting given the considerable
duration (mean follow-up 24.7 years). To build upon these data and
investigate whether whole-body heat therapy or exercise improves
hypertension for individuals who currently have hypertension,
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members of our group (Kaiser et al. 2025) tested the hypothesis
that whole-body heat therapy would reduce blood pressure to a
greater extent than exercise in unmedicated men and women with
Stage 1 and Stage 2hypertension. In the randomized clinical trial,
Kaiser et al. measured 24-h blood pressure and arterial stiffness
(via pulse wave velocity), before and after 30 sessions of either aer-
obic exercise or whole-body hot water immersion. They reported
that neither intervention improved 24-h blood pressure or arterial
stiffness in this population (see Figure 13; Kaiser et al. 2025).

Although whole-body heat therapy elicits the greatest adap-
tations, as we have previously discussed, some individuals
may find it uncomfortable, and in some populations, it may
be contraindicated. Therefore, other members of our group
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investigated whether a home-based heat therapy could reduce
blood pressure and improve cutaneous vascular function,
autonomic function, and cardiovascular function in post-
menopausal women with hypertension (Richey, Hemingway,
et al. 2024; Akins et al. 2024). They hypothesized that follow-
ing 8 weeks of heat therapy, postmenopausal women with hy-
pertension would have a reduction in 24-h blood pressure and
improvements in cutaneous vascular function. To test their
hypothesis, postmenopausal women with hypertension under-
went 24-h blood pressure monitoring and assessments of cuta-
neous vascular function and neural-cardiovascular responses
to orthostasis before and after 8 weeks of home-based lower
leg heat therapy. Participants were randomized into either a
sham or heat therapy group following pretesting. Cutaneous
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FIGURE12 | Pallubinsky et al. reported the impact of heat therapy or, as termed in their work, passive heat acclimation (PHA), on fasting plasma
glucose (A) and fasting plasma insulin (B) concentrations in overweight humans who are nondiabetic. Data are presented for each individual partic-
ipant before (pre) and after (post) PHA (N=11). * denotes p <0.05 for pre-PHA versus post-PHA. Figure used with permission. Previously published

in Acta Physiologica (Figure 2; Pallubinsky et al. 2020).
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FIGURE 13 | Kaiser et al. reported 24-h systolic (A) and diastolic blood pressure (B) for the aerobic exercise (EX) and heat therapy (HT) groups
before (PRE; white), during (MID; light gray), and after (POST; dark gray) the interventions. Data are presented as group means and individual re-
sponses. Aerobic exercise n=19, heat therapy n =21, except as noted in the figure. Figure used with permission. Previously published in the Journal

of Applied Physiology (Figure 2; Kaiser et al. 2025).
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microvascular function via cutaneous microdialysis was mea-
sured during local heating, and muscle sympathetic activity
and cardiac output were measured during orthostasis. Based
on their findings, home-based heat therapy in the form of
lower leg water immersion did not improve 24-h blood pres-
sure, cutaneous vascular function, or neural-cardiovascular
responses during orthostasis in postmenopausal women
with hypertension (Richey, Hemingway, et al. 2024; Akins
et al. 2024).

The results of these studies suggest that heat therapy may not im-
prove physiological indices of cardiovascular health for individu-
als with hypertension. However, this seems to only apply to those
with primary hypertension, as heat therapy does seem to improve
blood pressure in other populations with cardiovascular disease or
cardiovascular disease risk (see PCOS section below). As we delve
into the potential reasons why heat therapy did not elicit any ad-
aptations, let us first consider the FTDM (frequency, temperature,
duration, modality) principle in the context of experimental design
for both groups. First, Kaiser and colleagues utilized whole-body
heat therapy where participants were immersed to mid sternum,
while Richey and colleagues and Akins and colleagues had their
participants immerse only their lower legs. Each group used water
temperatures of 40°C and 42°C (Kaiser et al. and Richey et al., re-
spectively) for the same duration of 45min (Richey, Hemingway,
et al. 2024; Kaiser et al. 2025). One potential reason this therapy
may not have been effective is that the duration might not have
been long enough to elicit adaptations. Previous reviews of heat
therapy have suggested that cumulative heating load may influ-
ence the effectiveness of the intervention (Rodrigues et al. 2025).
Pursuant to the FTDM principle, greater frequency or duration
of heating may be required to reach the requisite heating load
needed to improve blood pressure in adults with primary hyper-
tension. Previous studies of heat therapy, per se, that have elic-
ited reductions in blood pressure have utilized greater heating
durations, frequencies, or both, irrespective of modality (Brunt,
Howard, et al. 2016; Ely, Clayton, McCurdy, et al. 2019; Ruiz-Pick
et al. 2025). Hypertension has a highly diverse etiology, and it is
likely that there is an aspect of blood pressure regulation that re-
mains to be understood in terms of primary hypertension. It is
possible that this aspect remains impervious to the effects of heat
therapy, particularly during commonly employed intervention
lengths (8-12weeks). Although there is a meta-analysis that eval-
uated the effects of heat therapy on blood pressure and vascular
function, this did not include studies specifically investigating
hypertension (Pizzey et al. 2021); thus, we cannot extend their
conclusions to populations with hypertension. Furthermore, it is
still unclear what the FTDM recommendation would be for adults
with hypertension. Additional investigations of heat therapy for
lowering blood pressure in adults with primary hypertension that
leverage different permutations of the FTDM principle will help
inform researchers and clinicians as to how heat therapy can be
most effectively utilized in this population.

7.3 | Coronary Risk Factors, Coronary Artery
Disease, and Chronic Heart Failure

Heat therapy research in adults with heart disease (i.e., coro-
nary risk factors, coronary artery disease, and chronic heart fail-
ure) has primarily used the modality of Waon therapy (Kihara

et al. 2009; Kuwahata et al. 2011; Miyata et al. 2008; Miyata and
Tei 2010; Shinsato et al. 2010; Tei et al. 2007; Fujita et al. 2011;
Ohori et al. 2012). The improvements in cardiovascular health
are impressive, although not consistent across other heating mo-
dalities. In this section, we will describe the results of the var-
ious research studies that have been conducted in populations
with heart disease and their results.

Kuwahata et al. (2011) investigated adaptations in autonomic
function for patients with chronic heart failure that occur fol-
lowing Waon therapy. Patients were asked to complete 4 weeks
of 1 session per day (5days a week) of Waon therapy and were
instructed to continue taking their prescribed medications.
They reported that following heat therapy, high-frequency
heart rate variability was increased and low-frequency heart
rate variability was decreased, suggesting that in their sam-
ple of patients, heat therapy increased parasympathetic activ-
ity and reduced sympathetic activity at the heart (Kuwahata
et al. 2011).

In work published by Masuda and colleagues, 2weeks of
Waon therapy reduced systolic blood pressure in patients who
had at least one coronary risk factor (Masuda et al. 2004).
This is similar to results reported by Imamura et al. (2001),
Kuwahata et al. (2011) and Kihara et al. (2002) reported re-
ductions in systolic blood pressure in patients with coronary
risk factors and chronic heart failure following Waon therapy.
Imamura and colleagues also reported that their patients had
reductions in diastolic blood pressure by ~5mmHg (Imamura
et al. 2001).

Additionally, several studies have investigated whether
flow-mediated dilation (i.e., endothelial function) would im-
prove following Waon therapy in patients with heart disease
(Sobajima et al. 2015; Ohori et al. 2012; Kihara et al. 2002).
Ohori et al. (2012) reported that following 3weeks of Waon
therapy, patients with chronic heart failure had ~2% improve-
ments in flow-mediated dilation. In this same investigation,
6-min walk scores and exercise tolerance also improved
(Ohori et al. 2012). Similarly, Kihara et al. (2002) also re-
ported improvements in flow-mediated dilation following
2weeks of Waon therapy in patients with chronic heart fail-
ure. Interestingly, they noted that their patients’ improve-
ments were purely endothelium-mediated, as there was no
change in the endothelial-independent vasodilation (assessed
via nitroglycerin administration) (Kihara et al. 2002). Finally,
Sobajima et al. reported that 3 weeks of Waon therapy also im-
proved flow-mediated dilation in patients with chronic heart
failure (Sobajima et al. 2015). Taken together, these data indi-
cate that in patients with chronic heart failure, Waon therapy
improves endothelial-dependent dilation via flow-mediated
dilation.

Although these improvements in vascular function and blood
pressure are impressive, it is important to note a few experimen-
tal considerations. First, the starting blood pressures for all the
groups mentioned would be classified as prehypertensive or nor-
mal blood pressure according to AHA/ACC guidelines (Flack
and Adekola 2020; Whelton et al. 2017). Thus, these reductions
in blood pressure are in line with the reductions in healthy older
adults reported by Ruiz-Pick et al. 2025 and may not translate
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to patient populations who have higher blood pressure or more
aggressive forms of heart disease in other parts of the world (i.e.,
the United States).

Second, the improvements in health following Waon therapy
have occurred over a relatively short period, that is, 5days
to 2weeks (Kihara et al. 2009; Kuwahata et al. 2011; Miyata
et al. 2008; Shinsato et al. 2010; Tei et al. 2007; Fujita et al. 2011;
Ohori et al. 2012). Therefore, it is unknown how long these ad-
aptations last or whether the same durations and frequencies
used in these studies will translate to a worldwide population
with these same risk factors/diseases. It is important that oth-
ers across the world conduct more in-depth trials with greater
ecological validity to determine if the beneficial adaptations of
Waon therapy will apply to other patients.

In contrast to the Waon therapy trials, Debray et al. (2023) did
not see any improvements following heat therapy in their pa-
tients with coronary artery disease. They utilized Finnish sauna
as their heating modality and asked participants to complete
8weeks of heat therapy. They had hypothesized that following
8weeks of sauna bathing, their patients with coronary artery
disease would have improvements in blood pressure and mac-
ro- and microvascular function. Contrary to their hypothesis,
they reported no change in blood pressure, arterial stiffness via
carotid-femoral pulse wave velocity, endothelial function via
flow-mediated dilation, or cutaneous microvascular responses
to local heating (Debray et al. 2023). Interestingly, they did re-
port reductions in reactive hyperemia in their sauna group and
improvements in reactive hyperemia in their control group.
However, as the authors state, these are small changes that may
not be physiologically significant (Debray et al. 2023).

In summary, these data could indicate one of two things: (1) that
patients with coronary artery disease need a stronger stimulus
(i.e., increased frequency or duration) to improve arterial stiff-
ness, or (2) that heat therapy via Finnish sauna is not enough
to reverse the decrements in vascular function. Thus, we again
see the equivocal nature of heat therapy. Therefore, we main-
tain that determining the best modality for heat therapy as well
as the best frequency, temperature, and duration (FTDM) to
drive changes in patients with heart disease should be a priority
among researchers looking for alternative treatment options.

7.3.1 | Impact of Heat Therapy on Cardiac Function
and Health in Adults With Heart Disease

Acute effects of heat exposure and their cardiac adjustments have
been well-documented in healthy adults (Brothers et al. 2009;
Gagnon et al. 2016, 2017; Crandall and Wilson 2015; Wilson
and Crandall 2011; Gayda, Paillard, et al. 2012). Interestingly,
less investigated are cardiac changes in response to heat ther-
apy. Those studies that have investigated these effects have used
Waon therapy to assess improvements in patients with coronary
heart disease and chronic heart failure. They have reported
beneficial adaptations following heat therapy in these groups.
Kuwahata and colleagues report that following 4 weeks of Waon
therapy, patients with chronic heart failure had improvements
in left ventricular ejection fraction, cardiac output, and left
ventricular end diastolic volume (Kuwahata et al. 2011). These

patients also had reductions in brain natriuretic peptide (BNP;
a blood-based biomarker of heart disease), noradrenaline, and
right ventricular-Tei index (Kuwahata et al. 2011). Kihara and
colleagues demonstrated similar findings following 2weeks of
Waon therapy in patients with chronic heart failure following
2weeks of Waon therapy (Kuwahata et al. 2011). These patients
improved their NYHA functional classification (6 people were
reclassified to a lower classification), reduced their cardiotho-
racic ratio, and substantially reduced plasma BNP levels (Kihara
et al. 2002). The same improvements occurred in patients stud-
ied by Miyata and colleagues, with additional improvements in
ejection fraction, left ventricular diastolic dimension, and left
atrial dimension (Miyata et al. 2008). Others, such as Ohori and
colleagues, reported reclassification to a lower NYHA class in 7
of their patients and reductions in plasma BNP and norepineph-
rine, but no improvements in cardiac function as measured via
ejection fraction or ventricular dimensions (Ohori et al. 2012).
The reason for this discrepancy could be due to the differences
in length of the interventions or participant variability.

These studies and others have made it clear that Waon therapy
improves cardiac function and cardiac health in patients with
chronic heart failure (Oyama et al. 2013; Sobajima et al. 2015;
Ye et al. 2020). The next step for this research should be to deter-
mine the mechanisms driving these changes in cardiac function
and if other heat therapy modalities offer the same beneficial
adaptations as Waon therapy.

As can be appreciated in this section, the impact of heat therapy
on cardiac function is equivocal. Some groups and conditions re-
port a greater magnitude of change that appears to be modality
and dose-dependent. A greater consensus as to the appropriate
FTDM principle should be the priority of researchers interested
in improving health among those with cardiac disease. It would
be beneficial to investigate first whether certain conditions
and world populations respond differently to differing modal-
ities. Heat therapy should not be considered a one-time fix for
conditions with decreased cardiovascular function. Rather,
as Laukkanen and colleagues have reported (Laukkanen and
Kunutsor 2024; Laukkanen et al. 2015), it should be done con-
sistently throughout your life. Additionally, given the different
modalities that have been used across various studies, meta-
analyses such as Ye et al. (2020) may not accurately describe
the impact of heat therapy in various conditions such as heart
failure. As such, further work is needed to determine the appro-
priate “prescription” for this population.

7.4 | Polycystic Ovary Syndrome

Polycystic ovary syndrome is a gynecological and endocrine
disorder that is accompanied by elevated cardiovascular disease
risk and autonomic dysfunction. This increased risk often in-
cludes hypertension, glucose resistance, and decreased insulin
sensitivity (Ely, Clayton, McCurdy, et al. 2019; Ely, Francisco,
Halliwill, et al. 2019; Wild et al. 2010; Lansdown and Rees 2012;
Di Domenico et al. 2013). Although there are pharmacological
treatments to address hormone dysregulation and metabolic
function, as of yet, there are no treatments that directly ad-
dress the increased cardiovascular disease risk. Ely, Clayton,
McCurdy, et al. (2019) investigated the effect of 8-10weeks of
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hot water immersion (60min per session, 3-4 times per week)
in 40°C water on cardiovascular health in women with PCOS.

Women in the heat therapy group had reductions in systolic, di-
astolic, and mean arterial blood pressure following heat therapy.
Impressively, the reductions were as much as 9-10mmHg from
their starting pressures, which were prehypertensive (systolic
pressure of ~124mmHg Ely, Clayton, McCurdy, et al. 2019).
They also reported that following 4weeks of chronic hot water
immersion, women in the heat therapy group had a ~40% re-
duction in MSNA burst incidence compared to preintervention
values (see Figure 14). This reduction is comparable to 16 weeks
of moderate intensity exercise training or electroacupuncture
in the same population (Stener-Victorin et al. 2009). Thus, it is
likely that this substantial reduction in burst incidence, which
was maintained after the completion of heat therapy, plays
a critical role in the reduction of systolic and diastolic blood
pressure (Ely, Clayton, McCurdy, et al. 2019). Interestingly,
the serum HSP72 response did not follow this same pattern
(Ely, Francisco, et al. 2019). Given that previous work (Johnson
et al. 2005; Whitham et al. 2006) has reported a positive associa-
tion between sympathetic activity and greater alpha-adrenergic
activation with an increase in HSP72, future work should focus
on the mechanisms underlying the elevated sympathetic activity
in PCOS that are reduced with heat therapy, and the potential
relationships between HSP72 and alpha-adrenergic responses in
the human vasculature.

These participants also had reductions in large artery wall
thickness (femoral and carotid arteries), brachial-ankle pulse

wave velocity (a measure of arterial stiffness), and endothelial
function measured via flow-mediated dilation following isch-
emia-reperfusion injury (Ely, Clayton, McCurdy, et al. 2019).
Finally, Ely, Francisco, et al. (2019) reported that fasting glucose
was also reduced following the heat therapy intervention.

These data are compelling and suggest that heat therapy can
improve various indices of cardiovascular and metabolic health
in women with PCOS. Future work should determine whether
the improvements in vascular function were accompanied by
improvements in structure through vascular remodeling, as this
was not directly measured in this study. These data suggest that
whole-body heat exposure for 60 min per session for 8-10weeks
is an appropriate FTDM to trigger beneficial adaptations.
Furthermore, they provide evidence for the potential of this heat
therapy modality to improve health in other populations with
similar conditions.

7.5 | Peripheral Artery Disease

Peripheral artery disease is characterized by chronic limb isch-
emia, decrements in functional and exercise capacity, and intermit-
tent claudication due to atherosclerotic plaque in the arteries of the
legs. Finding helpful therapeutic treatments to improve the qual-
ity of life in patients with peripheral artery disease is paramount
(Shamaki et al. 2022). Interestingly, the beneficial improvements
due to heat therapy in this population have differed based on heat-
ing modality and the FTDM principle. For instance, in this group,
it seems as though heat therapy alone does not improve blood
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FIGURE 14 | Ely et al. reported muscle sympathetic nerve activity (MSNA), measured in the peroneal nerve as burst frequency and burst inci-
dence in heat therapy (HT) and control (CON) participants with PCOS. MSNA was measured before (Pre), during (Mid), and after (Post) the inter-
ventions. *p <0.05 difference from Pre within group. p <0.05 from CON at matched time point. Figure used with permission. Previously published
in the American Journal of Physiology-Regulatory, Integrative, and Comparative Physiology (Figure 2; Ely, Clayton, McCurdy, et al. 2019).
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pressure or calf microvascular function, regardless of the duration
of heat therapy (Monroe et al. 2020, 2022). In work conducted by
Monroe et al., they tested the hypothesis that various cardiovascu-
lar indices and functional capacity would be improved following
6weeks (Monroe et al. 2020) and 8 weeks (Monroe et al. 2022) of
lower leg heat therapy, using water-perfused pants. They reported
that in both the 6 and 8 week interventions, there was no change
in blood pressure or calf reactive hyperemia despite two different
assigned heating frequencies (see Table 2). In contrast to the lack of
improvement reported by Monroe et al., Akerman and colleagues
(Akerman et al. 2019) demonstrated that whole-body water im-
mersion heat therapy in combination with calisthenics (30 min of
heat therapy immediately followed by 30min of calisthenics) sub-
stantially reduced blood pressure and improved pain-free walking
distance in patients with peripheral artery disease.

Waon therapy has also been shown to elicit beneficial improve-
ments in this population. Tei et al. (2007) reported that following
10weeks of Waon therapy, their patients with peripheral artery
disease had improved functional capacity and ankle-brachial
pressure index, a measure of arterial stiffness (Tei et al. 2007).
Interestingly, Monroe et al. reported that following the 8 weeks
of heat therapy, participants improved their 6-min walk distance
but had no change in ankle-brachial index (Figure 15; Monroe
et al. 2022). Taken together, these data suggest that not all heat
therapy has the same beneficial impact on patients with the
same condition. Therefore, more research is needed to eluci-
date the best heating modality and FTDM principle for improv-
ing vascular stiffness and functional capacity in patients with
peripheral artery disease. This is in agreement with Harwood
et al. (2021). In their meta-analysis, it appears that more studies
than not show improvements in walking distance, but the data
regarding improvements in arterial stiffness are varied between
studies. One potential contributor to the improvement in walk-
ing distance could be vascular remodeling. If heat therapy is in-
fluencing changes in the vessel's structure, this would directly
impact blood flow during walking and contribute to the associ-
ated fatigue. Furthermore, future studies should target whether
structural adaptations occur with heat therapy in patients with
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FIGURE 15 Monroe et al. reported the change in 6-min walk dis-
tance pre-post heat therapy for a sham (n=14; open circles) and heat
therapy (HT, n=15; closed circles) condition. Median and interquar-
tile range of changes in 6-min walk distance from baseline to the 8-

week follow-up. *p<0.05 Sham vs. HT. Figure used with permission.
Previously published in the Journal of Applied Physiology (Figure 3;
Monroe et al. 2022).

peripheral artery disease to determine whether assessments that
have been used previously have failed to capture these changes.

8 | Limitations and Considerations

Heat therapy encompasses many different modalities and dosages.
Due to the degree of variation and the different ways of implemen-
tation, the results from heat therapy research are equivocal. By way
of example, there is substantial evidence that regular traditional or
Finnish sauna use is associated with improved health outcomes
and morbidity. In contrast, there is little strength of evidence at
this time that regular FIR sauna use improves health outcomes
that match the commercial hype, with the exception of early ex-
citing work on improving depression. The strength of evidence for
realized health gains with heat therapy is strongest when there is
an increase in temperature (e.g., core, organ, skin). Unfortunately,
not all studies report this variable. For example, Waon therapy is
one modality that has repeatedly been shown to improve cardio-
vascular health in clinical populations, but body core temperature
is rarely, if ever, reported. Thus, understanding the mechanisms
that underlie the improvements in cardiovascular health in these
studies can be difficult, as is ensuring the practice is achieving the
targets aligning with the original studies showing benefit. Those
interested in heat therapy should pay attention to the temperatures
reported to best understand the impact of the intervention.

Participant population should also be critically evaluated
with heat therapy research. As we have discussed, some clin-
ical groups have improvements in various aspects of health
(e.g., blood pressure, vascular function) while others do not.
Geographic and cultural influences, in addition to health status,
can play a significant role in whether heat therapy can improve
symptomology. These factors should be critically evaluated
when interpreting and generalizing results.

9 | Future Directions and Conclusion

In many ways, the current state of evidence supporting the use
of heat therapy is reminiscent of the early days of “exercise as
medicine.” Both heat therapy and physical activity have deep
cultural roots linking them to health and wellness, disease pre-
vention, and healing. As such, the serious scientific investigation
of the health benefits of each did not occur until long afterward.
As with many health interventions, early publications often
present more positive outcomes or larger effects than later inves-
tigations. While this may be partly due to publication bias, it can
also be attributed to greater experimental control, smaller and
more selective cohorts of participants, and perhaps self-selection
of participants with higher patient activation in the initial stages
of inquiry. Early positive results are often countered by later ev-
idence that is less clear, or by negative results, as investigations
shift toward the inclusion of larger, more heterogeneous cohorts
and/or protocols that are more ecologically valid but have less
stringent control over conditions.

It is these investigative shifts that we hope will inform future heat
therapy research. As we have described, heat therapy has been
used for hundreds if not thousands of years in various cultures
and populations worldwide. We, as scientists, need to shift the
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focus of our research to deliberately crafting more ecologically
valid experimental designs. Although the inclusion of individu-
als taking medications, with a wide range of body mass indexes,
or with comorbidities may muddy the interpretation, it will ex-
pand the utility and understanding of heat therapy, thereby mak-
ing the prescription of heat therapy a legitimate option.

These future directions, though, need to be carefully thought
out, as one confound in this process is the multitude of combi-
nations of stressors that can be presented as “exercise” or “heat
therapy.” Using drug dosing as an analogy, it is not reasonable to
expect that all doses of exercise or all doses of heat therapy will
generate the same results. For these many reasons, the pendu-
lum may swing against favoring an intervention, only to gain
support again later when hindsight is developed or large-scale
clinical trials with appropriate and robust controls are reported.
At one time, it was not clear that exercise was an effective means
to manage hypertension. Yet, now, it would be considered uneth-
ical not to recommend that a patient with high blood pressure
participate in regular exercise as a critical lifestyle intervention.
It is too early to declare that heat therapy is an equally effica-
cious lifestyle intervention, as we may still be in the first wave of
positive outcomes. It may take some time before we reach a final
consensus on its role in health and disease prevention. However,
from a different perspective than the evidence-based medicine
formulation, we can ask how well heat therapy stands up to the
Bradford Hill criteria for causation (Hill 1965). These nine crite-
ria were proposed by Sir Austin Bradford to assess the likelihood
of a causal relationship between an exposure and an outcome.
The nine criteria are: (1) strength of association; (2) consistencys;
(3) specificity; (4) temporality; (5) dose-response; (6) plausibility;
(7) coherence; (8) experiment; and (9) analogy. Across the liter-
ature on adaptation to heat and heat therapy, experiments show
dose-response relationships and temporality with heat exposure
that are consistent when observed across labs and datasets and
are strong effects when looking at specific outcome variables or
specific populations. Furthermore, there is, more often than not,
coherence between smaller, tightly controlled studies and epi-
demiological surveys. We have identified plausible mechanisms
such as shear stress, and heat-sensitive gene expression and find
heat therapy to be analogous to exercise in many aspects. That's
Hill's criteria, served up hot.
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