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DISSERTATION ABSTRACT 

 

Brendan William Kaiser 

 

Doctor of Philosophy in Human Physiology 

 

Title: A Comparison of Exercise Training and Heat Therapy for Improving Blood Pressure in 

Adults with Untreated Hypertension 

 

 

Hypertension, or high blood pressure, represents a primary yet preventable risk factor for 

cardiovascular disease, kidney dysfunction, and cognitive impairment that impacts nearly 50% of 

United States adults. Physical activity is the primary lifestyle recommendation to lower blood 

pressure, but many people are unwilling or unable to engage in exercise training. Heat therapy, in 

the form of hot water immersion, dry sauna, or far-infrared sauna, has gained attention in recent 

years as a potential therapeutic alternative to exercise for improving blood pressure and 

cardiovascular disease risk, with secondary benefits for multiple organ systems, including the 

renal and cerebral circulation. While both exercise and heat therapy have been demonstrated as 

effective in a variety of populations, there are no studies that have directly compared these 

interventions for lowering blood pressure in adults with untreated hypertension. Therefore, the 

purpose of this study was to compare the efficacy of heat therapy and exercise training for 

improving blood pressure, renal function, and biomarkers of Alzheimer’s disease among adults 

with untreated hypertension. 41 adults were randomized to complete either 30 sessions of aerobic 

exercise training (n=20) or hot water immersion (n=21) over 8-10 weeks, with a battery of in-

clinic and ambulatory assessments at baseline (PRE), after 15 sessions (MID), and after 30 

sessions (POST). The impact of both interventions in this population was equivocal among 

outcome variables of interest, including both ambulatory and in-clinic blood pressure, pulse 

wave velocity, as well as biomarkers of renal function, cognitive function, and Alzheimer’s 

Disease. These findings help to inform future lifestyle interventions aimed at improving blood 

pressure and cardiovascular disease risk among adults with untreated hypertension.  
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CHAPTER I 

INTRODUCTION 

 

Hypertension, or high blood pressure, impacts a staggeringly high percentage of the adult 

population in the United States as well as world-wide. In the United States alone, nearly 50% of 

all adults over the age of 18 have high blood pressure (1). Hypertension is a primary yet 

preventable risk factor for cardiovascular disease, kidney disease, as well as Alzheimer's Disease 

and related dementias. Through repeated insults to the vascular endothelium, as well as increases 

in oxidative stress and inflammation, hypertension precipitates a decline in vascular function 

with deleterious effects across multiple organ systems. Low-resistance vascular beds, such as the 

renal and cerebral circulation, are particularly vulnerable to the detrimental effects of chronically 

elevated blood pressure.  

 Under recently updated classifications, a greater percentage of United States adults are 

considered hypertensive (2, 3). Accordingly, more adults with high blood pressure are 

recommended for anti-hypertensive interventions, either lifestyle-based or through 

pharmacologic means. Currently, medication is recommended for individuals that present with a 

blood pressure of 140/90 or greater, while this same figure serves as the goal blood pressure for 

individuals receiving pharmacological treatment. For these individuals, approximately 80% of all 

United States adults with hypertension, recommended treatment includes both lifestyle 

interventions and pharmacological treatment (4). However, there remain nearly 25 million 

individuals for whom the recommended treatment is a lifestyle-based intervention such as 

physical activity.  

Physical activity for improved cardiovascular health across the lifespan can take many 

forms, but the primary recommendation from the American College of Sports Medicine is either 

150 minutes of moderate-intensity or 75 minutes of vigorous physical activity per week, ideally 

in combination with two muscle-strengthening resistance training sessions per week (5). Despite 

the widely espoused benefits of physical activity, there are those who are unable to engage in 

traditional exercise training, such as patient populations (peripheral arterial disease, chronic heart 

failure, chronic obstructive pulmonary disease, etc.) or individuals with spinal cord injury. For 

those that do not obtain the proposed benefits of exercise training, the literature suggests 

considering alternative means for improving health (6). One such alternative is heat therapy, an 
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ancient practice often with cultural roots that has emerged in recent years as a suitable and 

potentially more efficacious alternative to exercise training for improving cardiovascular health 

(7). These improvements appear to be driven by reductions in blood pressure (8, 9), arterial 

stiffness (8, 9), and intermittent increases in beneficial vascular shear stress (8–11), much the 

same as exercise training. 

Finally, hypertension is an independent as well as synergistic risk factor for Alzheimer's 

disease (AD), along with advancing age. At present, 6 million Americans have AD, a figure that 

is projected increase to nearly 14 million by 2060 (12). Additionally, the total costs of AD 

treatment in 2022 were in excess of $320 billion, which is forecasted to increase to nearly $1 

trillion by 2050 (12). With a larger aging population, interventions that identify alternative 

means for improving risk for neurodegenerative diseases are paramount, particularly in concert 

with improved cardiovascular health.  

 Essential hypertension is a multifaceted disease with diverse etiology. The progression of 

essential hypertension into cardiovascular disease is slow, occurring over decades, but often with 

deleterious consequences. For this reason, combined with more stringent ideal blood pressure 

classifications, there is an evolving need for lifestyle interventions that can improve blood 

pressure and long-term cardiovascular disease risk in individuals with elevated blood pressure as 

well as those with overt hypertension.   

 

STATEMENT OF THE PROBLEM  

There is a substantial body of evidence examining the effects of exercise training on 

blood pressure in individuals with hypertension. Additionally, there are an increasing number of 

studies examining the cardiovascular and metabolic benefits of heat therapy. The literature 

clearly demonstrates that both interventions are effective for lowering blood pressure; however, 

these interventions have yet to be directly compared. Accordingly, we conducted a randomized 

controlled trial to compare the efficacy of heat therapy versus exercise training for lowering 

blood pressure in adults with untreated hypertension. We elected to investigate the effect of 

either 30 sessions of upright cycling or hot water immersion on in-clinic blood pressure and 

arterial stiffness. Furthermore, we examined the effect of these interventions on 24-hour 

ambulatory blood pressure, as well as several biomarkers of kidney function. Lastly, in a subset 

of eligible participants, we compared the potential of heat therapy and exercise to improve 



 

14 

 

 

cognitive function and MRI-based markers of AD risk. We addressed these questions through the 

following aims:  

 

1) To examine ambulatory blood pressure and kidney function following 30 sessions of 

either aerobic exercise training or hot water immersion. Ambulatory blood pressure was 

assessed over a 24-hour period in conjunction with a 24-hour urine collection. We 

examined 24-hour urine albumin excretion and estimated glomerular filtration rate 

calculated using serum cystatin C. We hypothesized that hot water immersion would 

elicit greater reductions in ambulatory blood pressure and urine albumin excretion and an 

improvement in estimated glomerular filtration rate compared to aerobic exercise. 

Furthermore, we hypothesized that improvements in the blood-based biomarkers 

Interleukin-6, Endothelin-1, and C-Reactive Protein would predict improvements in 

ambulatory blood pressure and renal function. The results of these studies are discussed 

in Chapter IV. 

2) To examine hemodynamic and vascular function following 30 sessions of either aerobic 

exercise training or hot water immersion. We achieved this by measuring heart rate 

variability, cardiac output, blood pressure, and pulse wave velocity as an estimate of 

arterial stiffness. Lastly, we measured cardiorespiratory fitness. These are clinically 

relevant markers which have well-established links to cardiovascular as well as all-cause 

mortality. We hypothesized that blood pressure and arterial stiffness would be reduced to 

a greater extent following hot water immersion compared to aerobic exercise, but that 

there would be no difference between hot water immersion and aerobic exercise for 

improvements in heart rate variability, cardiac output, or cardiorespiratory fitness. The 

results of these studies are discussed in Chapter V.  

3) To examine cognitive function as well as structural and functional measures of 

Alzheimer's Disease risk following 30 sessions of either aerobic exercise training or hot 

water immersion. Participants completed the NIH toolbox assessment of episodic and 

working memory, as well as magnetic resonance imaging-based assessments of cerebral 

perfusion and structure. Specifically, we examined hippocampal volume, as well as gray 

and white matter perfusion. We hypothesized that hot water immersion would result in 

greater improvements in cognitive function as well as structural and functional 
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biomarkers of Alzheimer's disease and related dementia risk. We hypothesized that 

reductions in systolic blood pressure and arterial stiffness and improvements in serum 

Brain-Derived Neurotrophic Factor would play a causal role in improved biomarker risk 

profiles. The results of these studies are discussed in Chapter VI.  

 

SIGNIFICANCE  

If these aims are supported, these data will demonstrate that heat therapy, in the form of 

hot water immersion, is an effective lifestyle-based intervention for improving blood pressure in 

adults with untreated hypertension. These data will be presented in conjunction with, and in 

comparison to, aerobic exercise training, the current gold-standard intervention for improving 

blood pressure and cardiovascular disease risk. To maximize the ecological validity of these 

findings, the exercise undertaken in these studies match recommendations from the American 

College of Sports Medicine, and are time matched the duration of hot water immersion.  
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CHAPTER II 

REVIEW OF THE LITERATURE 

 

INTRODUCTION 

 Cardiovascular disease remains the leading cause of death in the United States and 

worldwide (13, 14). Hypertension, or high blood pressure, accounts for more cardiovascular 

disease deaths than any other preventable risk factor (15) and impacts nearly 50% of all United 

States adults over the age of 18 (1, 16). The current definition of hypertension, as outlined by the 

8th report of the Joint National Committee for the Prevention, Detection, Evaluation, and 

Treatment of High Blood Pressure (JNC8), is a systolic blood pressure ≥130 mmHg and/or a 

diastolic blood pressure ≥80 mmHg, with a sub-classification of “elevated” blood pressure for 

systolic pressures between 120-129 mmHg (3). The increase in the prevalence of hypertension 

under revised guidelines is not congruent with a greater incidence of hypertension, but rather 

represents more stringent blood pressure classifications (3). Specifically, these classifications 

increased the prevalence of hypertension among United States adults from 32% under JNC7 

blood pressure classifications to 46% under JNC8 classifications (3). Consequently, more 

individuals are recommended for lifestyle modifications to address blood pressure as a risk factor 

for cardiovascular disease, but only a small number are recommended for anti-hypertensive 

pharmacological treatment (3).   

While age is an independent risk factor for cardiovascular disease and mortality, 

hypertension acts synergistically with advancing age to exacerbate the risk of major 

cardiovascular events and risk for cardiovascular disease (17). A meta-analysis of over 1 million 

middle-aged and older adults reports a log-linear increase in cardiovascular disease risk with 

each 1 mmHg increase in either systolic or diastolic blood pressure, beginning with a 

normotensive blood pressure of 115/75 (18). In middle-aged adults specifically, a 20 and 10 

mmHg increase in systolic and diastolic blood pressure, respectively, above healthy levels are 

associated with double the risk of stroke and cardiovascular mortality (18).  

Conversely, improvements in blood pressure to normotensive values at the population 

level is associated with a 7.3% and 3.8% reduction in mortality for women and men, respectively 

(19). Modest blood pressure reductions in individuals with hypertension carry significant risk 

reduction for cardiovascular disease, even if blood pressure does not reach normotensive levels 
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(20). Taken together, these data suggest that there are substantial benefits to be obtained from 

interventions to lower blood pressure at any classification of hypertension.  

 

HYPERTENSION AND THE VASCULATURE 

 Essential hypertension is a multifaceted condition, with an etiology that is still not 

completely understood (21). There are many diverse pathologies that influence the development 

and manifestation of essential hypertension. It is likely that molecular and cellular perturbations 

potentiate maladaptation in the vasculature, with considerable negative consequences at the 

organismal level. The below sections correspond to the putative pathways that may be 

permissive, if not causal, in the development of hypertension. A summary of these molecular and 

cellular maladaptations can be found below in figure 2.1.   

 

Reactive Oxygen Species and Oxidative Stress  

 Reactive oxygen species are cellular signaling molecules with a wide variety of impact 

on cellular function, the most pertinent of which include regulation of the extracellular matrix, 

modulation of nitric oxide activity, and activation of various kinases and proinflammatory genes 

(22–26). Through their actions along these pathways, reactive oxygen species play a critical role 

in the development and progression of hypertension, mediated by a production of superoxide 

anions and hydrogen peroxide that exceeds their removal. Superoxide, hydrogen peroxide, and 

other derivatives of molecular oxygen are generated in the mitochondria as byproducts of 

mitochondrial respiration. These molecules and their actions, termed, “oxidative stress” have 

been implicated in a causal role in the development of essential hypertension (27, 28). These 

derivatives oxidize biological molecules with numerous downstream consequences, such as 

reducing the bioavailability of nitric oxide (29, 30), downregulating the expression of endothelial 

nitric oxide synthase (31–34), and a host of deleterious impacts on the vasculature and the 

kidneys (24, 25). Furthermore, reactive oxygen species are associated with increased vascular 

cell proliferation and alterations in the extracellular matrix, which elicits vascular remodeling 

and hypertrophy commonly found in hypertension (35). Collectively, these events have 

important implications for future cardiovascular events (36, 37).   

Reactive oxygen species exert a variety of deleterious effects on the vasculature, but 

perhaps their greatest impact is related to the production and bioavailability of nitric oxide, an 
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important anti-atherogenic and vasodilatory signaling molecule (38–40). The bioavailability of 

nitric oxide is influenced primarily by the expression of three isoforms of nitric oxide synthase, 

neuronal, inducible, and endothelial (41).  

Paradoxically, nitric oxide synthase can be associated with increased reactive oxygen 

species production. Each of the three isoforms of nitric oxide synthase have been shown to 

uncouple and produce superoxide rather than nitric oxide (42, 43), with the eventual 

consequence of atherosclerosis initiation and progression (44). The uncoupling of endothelial 

nitric oxide synthase is precipitated by the absence of essential cofactors L-arginine and 

tetrahydrobiopterin (45). This uncoupling can be attenuated, as experimental rodent models of 

hypertension have shown that supplementation with tetrahydrobiopterin ameliorates high blood 

pressure via decreased production of reactive oxygen species and greater production of nitric 

oxide (46, 47). Unfortunately, the negative consequence of uncoupled endothelial nitric oxide 

synthase-mediated superoxide production is highly cyclical in nature. Specifically, increased 

superoxide production oxidizes tetrahydrobiopterin, interfering with its role as an essential 

cofactor in the production of nitric oxide as well as uncoupling endothelial nitric oxide synthase, 

resulting in still further production of reactive oxygen species (48). The production of superoxide 

and hydrogen peroxide has been demonstrated to upregulate the expression of endothelial nitric 

oxide synthase (49–51), which may transiently offset the increases in reactive oxygen species 

production but is ultimately antagonized by greater superoxide production as endothelial nitric 

oxide synthase is increasingly uncoupled.  

 Data from animal models of hypertension indicate that treatment with superoxide 

dismutase (an anti-oxidative enzyme) mimetics or an antioxidant rich diet can effectively lower 

blood pressure ostensibly caused by oxidative stress (52, 53), suggesting that attenuation of 

oxidative stress may promote improvements in vascular health as well as blood pressure. 

Regrettably, there are several critical shortcomings with antioxidant supplementation in human 

models of hypertension in vivo, which are discussed below.  

 Among individuals with high blood pressure, accentuating factors such as increased 

sympathetic neural activity, chronic activation of the renin-angiotensin-aldosterone system, and 

greater concentration of vasoactive molecules such as endothelin-1 can elicit increases in 

reactive oxygen species-generating enzymes such as NADPH oxidase (54). In healthy 

individuals with physiologically normal redox signaling, antioxidant enzymes such as superoxide 
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dismutase offset the negative impact of reactive oxygen species (55). Superoxide dismutase, 

which has isoforms that act within the cytosol, mitochondria, as well as extracellular matrix, 

prevents the formation of peroxynitrite that results from the interaction of nitric oxide and 

superoxide (55). Individuals with hypertension present not only with increased oxidative stress 

relative to their normotensive peers, but also impaired in vivo antioxidant mechanisms, such as 

reduced superoxide dismutase bioavailability (56). Indeed, there is compelling evidence that 

individuals with essential hypertension have reduced content of multiple antioxidative 

molecules, including glutathione, catalase, and glutathione-peroxidase-1 (56–58). NADPH 

oxidase-mediated oxidative stress leads to the oxidation of tetrahydrobiopterin, an essential 

cofactor for endothelial nitric oxide synthase. This cascade results in reduced nitric oxide 

bioavailability, ultimately resulting in endothelial dysfunction (46). Additionally, localization of 

reactive oxygen species to the tunica media and tunica adventitia, the layers of the vessel 

between the endothelium and vascular smooth muscle, may further impair the vasodilatory 

actions of nitric oxide (59, 60). Underscoring the negative organismal consequences of reactive 

oxygen species are data from Simic and colleagues, reporting a significant negative correlation 

between cellular superoxide dismutase content and both systolic and diastolic blood pressure 

among individuals with established essential hypertension (58).  

 Investigations of therapeutic targets to mitigate the impact of oxidative stress in 

hypertension have focused on increasing anti-oxidant capacity, increasing nitric oxide 

bioavailability, and reducing reactive oxygen species generation. To date, large clinical trials 

examining the effectiveness of antioxidant supplementation on oxidative stress have been 

equivocal. The major limitations of these interventions are that antioxidants may not be able to 

effectively scavenge intracellular free radicals (61), and that supplementation does not address 

the continued production of reactive oxygen species. Effective therapeutic interventions may 

include supplementation in a supporting role but must address the foundational issue of increased 

reactive oxygen species production and reduced antioxidant capacity in individuals with 

hypertension.  

 

C-Reactive Protein  

 C-Reactive Protein (CRP) is a biomarker of systemic inflammation and is associated with 

incident cardiovascular disease and increased risk for adverse cardiovascular events (62–65). 
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Cross-sectional data strongly supports increased levels of CRP among individuals with 

hypertension (66–68), although the causal relationship between the two is dubious (69, 70). 

Perhaps more likely is that increased levels of CRP facilitate the initial stages of vascular 

endothelial dysfunction. Nitric oxide production and bioavailability in human aortic and 

umbilical vein endothelial cells is significantly reduced when cultured with physiologically 

relevant doses of CRP, evidenced by reduced endothelial nitric oxide synthase expression (71, 

72). Furthermore, CRP-mediated impairments in endothelial function have been implicated in 

atherogenesis, precipitating declines in vascular function that may result in incident 

cardiovascular disease (73, 74). Lastly, CRP has been demonstrated to significantly increase the 

expression of endothelin-1, as vasoconstrictor peptide with independent and synergetic 

consequences for impaired vascular health (75).  

 

Endothelin-1 

Endothelin-1, a potent vasoactive peptide, undoubtedly plays a role in the development 

and progression of endothelial dysfunction in hypertension (76–78), primarily through its link to 

oxidative stress and vascular inflammation. In experimental models of hypertension, endothelin-

1 has been implicated in NADPH-oxidase-mediated vascular dysfunction (79, 80). Data from 

older individuals with hypertension reports a significant negative relationship between plasma 

endothelin-1 concentration and plasma antioxidant content (81). Additionally, data suggests 

those with moderate to severe essential hypertension have an increased expression of prepro-ET-

1 (an endothelin-1 precursor) mRNA in the endothelium of their resistance vessels (82). 

Molecules such as endothelin-1 act to downregulate the production and bioavailability of nitric 

oxide, as well as increase the production of superoxide (83, 84). Finally, the vasoconstriction and 

stimulation of vascular smooth muscle cell proliferation elicited by endothelin-1 may play a 

causal role in arterial stiffening with hypertension (85, 86). 
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Shear Stress and Endothelial Function 

The endothelium is the innermost lining of blood vessels, comprised of a single layer of 

cells. It has many auto- and paracrine functions, including vasodilation and vasoconstriction 

elicited by a host of signaling molecules and mechanisms, with profound impact on blood 

pressure and flow. Investigations of endothelial function can inform clinicians and researchers 

regarding risk for future cardiovascular events, disease, and mortality (87). Experimentally, 

conduit artery endothelial function is often assessed using a technique known as flow-mediated 

dilation. Flow-mediated dilation occludes blood flow distal to a conduit artery such as the 

brachial or common femoral for approximately 5 minutes and, upon release of the occlusion, 

measures the change in artery diameter in response to the transient increase in vascular shear 

stress that initiates a signaling cascade resulting in the release of nitric oxide (88, 89). Flow-

mediated dilation has significant prognostic value for future cardiovascular disease risk, and 

describes the endothelium-dependent dilatory capacity of the vessel (90, 91). The prognostic 

utility of this measurement comes from data that demonstrates that impaired brachial artery 

endothelial function is associated with significantly greater risk for impaired coronary artery 

endothelial function (92).  

 

Figure 2.1. Graphic of the relationship between Endothelin-1, C-Reactive Protein, Oxidative stress, and endothelial 

dysfunction in individuals with essential hypertension.  
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Endothelial Dysfunction in Hypertension  

Hypertension is associated with a maladaptive vascular remodeling that manifests as 

macrovascular and hemodynamic dysfunction, foremost among which is high blood pressure 

(93, 94). Maladaptive remodeling begins at the endothelium, or the innermost lining of blood 

vessels, which represents the interface between blood and the vasculature. Owing to the putative 

mechanisms described above, individuals with hypertension present with impaired endothelial 

function, measured via both acetylcholine infusion (95, 96) and reduced brachial artery flow-

mediated dilation (97, 98). These impairments are indicative of reduced activity of nitric oxide 

mediated by accumulated oxidative stress as well as an imbalance of vasoactive molecules such 

as endothelin-1 (99). The vascular and hemodynamic consequences of these impaired responses 

to acetylcholine infusion and brachial artery Flow-mediated dilation are reduced vasodilatory 

capacity and increased systemic vascular resistance and blood pressure (100, 101).  

 Endothelial dysfunction in individuals with untreated hypertension also offers prognostic 

value, as demonstrated in a study quantifying the forearm blood flow response to acetylcholine 

infusion. Perticone and colleagues demonstrated that those with untreated hypertension with the 

worst blood flow response to acetylcholine infusion were at a twofold higher risk for major 

adverse cardiovascular events compared to those with the greatest blood flow response (87).    

 

Damaging Effects of Oscillatory and Retrograde Shear Stress  

Although there is a wealth of evidence for the role the molecular mechanisms described 

above play in endothelial dysfunction, blood flow patterns play an equally important role in the 

regulation and dysregulation of the vascular endothelium. In an idealized model with a perfect 

pump, blood flow through the vasculature is laminar and without interruption. Physiologically, 

blood flow throughout the arterial tree is a balance of anterograde (forward) and retrograde 

(backward) flow. The propagation of pressure and flow is achieved through the combined action 

of the heart and the pressure reservoir of the large elastic arteries, such as the aorta, known as the 

Windkessel effect. A third characteristic of blood flow, turbulent flow, is common at blood 

vessel bifurcations or in the presence of plaque in the vessel lumen. Both reduced mean flow and 

turbulent flow are proatherogenic or supporting formation of plaque (102–105). Moreover, 

turbulent flow decreases endothelial nitric oxide synthase expression in cultured endothelial 

cells, permissive in the development of atherosclerotic plaque (106). While there is an 
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established damaging role of turbulent flow, retrograde blood flow and shear stress do not appear 

to be obligatory for impairments in endothelial function in the presence of low flow (107). 

Despite this apparent dichotomy, increases in retrograde shear stress are associated with a dose-

dependent decrement in flow-mediated dilation (108, 109) as well as increases in endothelin-1 

expression in vitro (31). Retrograde and oscillatory shear stress undoubtedly contribute to the 

development and progression of endothelial dysfunction, which is implicated in the pathogenesis 

of hypertension. However, others suggest that some combination of anterograde and oscillatory, 

or a combination of forward and backward shear stress and the turbulent flow that results, may 

play an important role in vascular adaptations (110). Lastly, experimentally induced increases in 

sympathetic neural outflow were associated with increases in pro-atherogenic retrograde shear 

stress (111).  

 

Autonomic Dysfunction and Sympathetic Overactivity in Hypertension 

 The autonomic nervous system plays a critical role in short-term regulation of blood 

pressure through the actions of its component branches, sympathetic and parasympathetic. 

Essential hypertension undoubtedly has a diverse pathology but may be influenced in part by 

autonomic dysfunction. The initial stages of hypertension can be characterized by an excess of 

sympathetic nervous system activity (112), as evidenced by decreased heart rate variability 

(113), increased plasma norepinephrine spillover (114), and elevated muscle sympathetic nerve 

activity (115) in individuals with hypertension compared to their normotensive peers.  

 In animal models of chronic renal hypertension, the baroreflex is reset to defend a higher 

blood pressure as the set point of the reflex arc (116). In humans, long-term fluid volume, 

electrolyte balance, and blood pressure control are highly integrated with the kidney, which 

complicates the interpretation of baroreflex resetting in hypertension (117). Despite this, there is 

compelling data in humans demonstrating that baroreflex sensitivity, assessed using the modified 

Oxford technique, was inversely correlated with 24-hour ambulatory mean arterial pressure and 

positively correlated with heart rate variability (118). This data was collected in young, healthy, 

individuals with normotensive blood pressure, which limits the generalizability of these findings 

to middle-aged adults with essential hypertension. 

 To date, there has been limited study of baroreflex sensitivity in adults with hypertension. 

Bristow and colleagues report significantly lower baroreflex sensitivity in individuals with 
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hypertension compared to age-matched normotensive controls (119). Additionally, baroreflex 

sensitivity was reduced in those with a family history of hypertension, regardless of current 

blood pressure classification (120). Specifically, among both normotensive and hypertensive 

individuals with a family history of high blood pressure, baroreflex sensitivity was significantly 

reduced compared to normotensive and hypertensive individuals without a family history of 

hypertension (120). Moreover, baroreflex sensitivity in a large cohort of individuals with 

hypertension was significantly inversely related to 24h ambulatory systolic blood pressure, and, 

interestingly, inversely related to pulse wave velocity. Collectively these data suggest that 

baroreflex sensitivity as a descriptor of autonomic function may influence the progression of 

hypertension and cardiovascular disease risk factors (121).  

 Essential hypertension is characterized by in part by exaggerated sympathetic nerve 

activity, relative to normotensive individuals (122, 123). Grassi and colleagues demonstrate 

significant stepwise increases in muscle sympathetic nerve activity burst incidence when 

studying normotensive, essential hypertensive, and severe essential hypertensive individuals 

(124). Interestingly, those with secondary hypertension (high blood pressure resulting from 

renovascular disease in this investigation) did not present with increased sympathetic neural 

outflow relative to normotensive individuals (124). This data serves as further evidence of a 

neurogenic component in essential hypertension that is central to the disease pathology. Among 

those with advanced cardiovascular disease (heart failure, heart failure with concomitant end-

stage renal disease), excessive sympathetic nerve activity is associated with increased 

cardiovascular morbidity and mortality (125, 126). As such, interventions that are capable of 

attenuating elevated sympathetic nerve activity in individuals with hypertension are critical for 

improving and maintaining long-term cardiovascular health.  

 

Large Artery Stiffening in Hypertension  

During systole, the left ventricle contracts and ejects blood into the aorta. Systolic 

pressure achieved during contraction stretches the aorta, creating a pressure reservoir owing to 

the elastic nature of the aorta. During diastole, blood travels through the systemic arterial tree, 

driven by the pressure reservoir of the aorta, now propagating distally. This pressure waveform 

can be described as a “pulse wave” which travels throughout the arterial tree at a given velocity, 

or a pulse wave velocity. Bramwell and Hill were the first to speculate on the nature of the pulse 
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wave in an intact vasculature, inferred from a series of experiments in an isolated carotid artery 

(127). They presciently noted that the velocity of the pulse wave throughout the vascular tree is 

dependent upon the integrity and composition of the vessel in both health and disease (127).   

Pulse wave velocity is incongruent with blood velocity, but, because of the relative ease 

of non-invasive measurement, is an accepted representative of arterial stiffness. Applanation 

tonometry is capable of providing a non-invasive estimate of arterial stiffness (128–130). Plainly, 

the distance between two anatomical locations (i.e., carotid and common femoral arteries; 

brachial and pedal arteries) is measured. Next, using applanation tonometry, researchers may 

non-invasively generate pressure waveforms during each cardiac cycle. Dividing the anatomical 

distance between the measurement site on each artery by the time delay between the upswing of 

the systolic waveform of both anatomical locations of choice yields pulse wave velocity.  

Pulse wave velocity is a predictor of cardiovascular disease risk independent of age, co-

morbidities, and previous cardiovascular disease, and has particular utility for forecasting 

cardiovascular events in individuals with hypertension (128, 131, 132). Results from the 

Rotterdam Study, a large prospective cohort study, indicate that aortic pulse wave velocity is 

strongly correlated with coronary heart disease and stroke, and provides added benefits above 

traditional risk factors when forecasting cardiovascular disease risk (133). Furthermore, aortic 

pulse wave velocity greater than the 25th percentile is associated with a twofold increase in the 

risk of cardiovascular disease, a two- to threefold increase in the risk of stroke, and a >50% risk 

of  coronary heart disease-related events (134). Furthermore, the efficacy of aortic pulse wave 

velocity in predicting cardiovascular events is maintained after adjusting for 24-hour ambulatory 

blood pressure as opposed to in-clinic measurements. Importantly, these findings are 

substantiated regardless of age, race, or biological sex (134). It is likely that increased arterial 

stiffness is permissive in the development of hypertension and is associated with worsening 

cardiovascular disease risk (135). Considering that central elastic arteries such as the aorta and 

the carotid have been demonstrated to be stiffer in individuals with hypertension across the 

lifespan (136–140), the impact of increased arterial stiffness in this population cannot be 

understated. Indeed, data from the Framingham Offspring study report that higher aortic stiffness 

is associated with a higher risk for incident hypertension (141).  

Maladaptive vascular remodeling and dysfunction may appear as a precursor to overt 

cardiovascular disease, particularly among individuals with hypertension (142). In addition to 
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increase in stiffness that is related to pathological conditions, arterial stiffness increases as a 

function of age (143). Unfortunately for long-term vascular health, these two elements may act 

synergistically with a host of adverse effects and serve as a prognostic indicator of 

cardiovascular mortality risk (131). Increases in arterial thickness occur with aging, with the 

greatest increases in thickness located primarily in the intima (144).  

 

HYPERTENSION AND THE KIDNEY  

The kidney is intricately linked to long-term cardiovascular regulation in both health and 

disease, such as the development and progression of cardiovascular and chronic kidney disease. 

Essential hypertension is multifaceted in nature, with multiple axes of dysregulation ultimately 

culminating in high blood pressure. Kidney dysfunction is unique in that it can serve as both a 

cause and consequence of high blood pressure. There is a plethora of factors that potentially 

contribute to increased cardiovascular disease risk, often with shared commonalities between 

hypertension and kidney dysfunction. The same problems that plague the vasculature have been 

implicated in kidney dysfunction including oxidative stress, inflammation, endothelial 

dysfunction, increased arterial stiffness, and elevations in vascular resistance. The subsections 

below are clinically relevant to kidney function and dysfunction, and pertinent to the 

development and progression of hypertension and cardiovascular disease risk.  

 

Renin-Angiotensin-Aldosterone System  

The kidney works in concert with the cardiovascular system in service of long-term blood 

pressure regulation. The heart and vasculature generate and modulate the perfusion pressure of 

the kidney, an organ that plays a foundational role in electrolyte and fluid balance. Two primary 

mechanisms through which the kidney integrates into cardiovascular regulation of blood pressure 

are sympathetic activity and the renin-angiotensin-aldosterone system. While nominally distinct, 

it will become evident that sympathetic outflow and the renin-angiotensin-aldosterone system are 

intricately linked in the regulation of fluid volume and blood pressure.  

Granular cells in the juxtaglomerular apparatus of the late afferent arteriole produce and 

secrete renin. Renin is a proteolytic enzyme that cleaves angiotensinogen, a protein produced in 

the liver but found abundantly in plasma, into a 10-amino acid peptide Angiotensin I. 

Angiotensin I is then converted into Angiotensin II by the aptly named angiotensin-converting 
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enzyme. Angiotensin-converting enzyme is expressed throughout the vasculature, with a 

particularly high concentration in the pulmonary vasculature. Often, the amount of renin 

available to catalyze angiotensinogen into angiotensin I is the limiting factor for the creation and 

concentration of angiotensin II in circulation.  

Once converted, angiotensin II has several direct impacts on blood pressure. Primarily, 

angiotensin II is a potent vasoconstrictor in peripheral tissues with the aim of increasing mean 

arterial pressure. Secondly, angiotensin II stimulates the production and secretion of aldosterone 

from the adrenal cortex. Aldosterone acts on the distal nephron to increase sodium reabsorption, 

thereby increasing total blood volume, with the goal of increasing mean arterial pressure. The 

primary regulator of aldosterone secretion from the adrenal cortex is the amount of circulating 

angiotensin II. Recall, angiotensin II is controlled upstream by the release of renin from the 

juxtaglomerular apparatus. The half-life of renin and aldosterone are short (~15 minutes) while 

the half-life of angiotensin II is very short (~1 minute).  

The integral role of renin in this elegant long-term regulation of blood pressure cannot be 

understated. There are three primary regulators of renin secretion. The first is sympathetic 

activity. Norepinephrine released from postganglionic sympathetic neurons onto 1 adrenergic 

receptors on granular cells in the juxtaglomerular apparatus initiate a cyclic adenosine 

monophosphate-mediated pathway that results in the release of renin. Basal sympathetic tone of 

the renal efferent arterioles and vasculature is low, despite a rich density of 1 and 1 adrenergic 

receptors. As such, the kidney responds robustly to increases in sympathetic outflow, which 

accounts for the effectiveness of sympathetic-mediated release of renin from granular cells. This 

mechanism of renin release is usually secondary to a systemic increase in sympathetic neural 

outflow, elicited by a reduction in mean arterial pressure. 

Distending, or transmural, pressure of the renal afferent arteriole is also a primary 

mediator of renin release. A decrease in afferent arteriolar pressure, which parallels systemic 

arterial pressure, stimulates the production of renin. Despite a lack of neural innervation to the 

cardiovascular control centers, granular cells can be classified as baroreceptors owing to their 

ability to evoke a physiological action in response to a change in pressure. The release of renin in 

response to a decrease in both local as well as systemic arterial pressure is an elegant example of 

redundant mechanisms in the regulation of arterial pressure. A decrease in systemic arterial 

pressure is sensed by the carotid baroreceptors, eliciting an increase in sympathetic outflow. This 
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increase in sympathetic outflow acts on 1 adrenergic receptors on the granular cells to increase 

the release of renin. Simultaneously, transmural pressure in the renal afferent arteriole decreases, 

also stimulating the release of renin. This combined release of renin is an important initial step in 

the cascade of long-term blood pressure regulation as discussed above. Clinical data suggests 

that individuals with hypertension present with an increase in sympathetic outflow, precipitating 

dysregulation along the renin-angiotensin-aldosterone axis (112, 122, 123, 145, 146).  

 

Estimated Glomerular Filtration Rate  

 Glomerular filtration rate is an assessment of the function of our greatest biological filter, 

the kidney. Despite the widespread utility of this measurement and its ability to inform baseline 

kidney function, pharmacological impacts on the kidney, as well as progression of chronic 

kidney disease, it is not easily measured in clinical settings. Ideally, glomerular filtration is 

measured using the clearance of exogenous molecules such as inulin or iohexol, but this 

procedure is costly and rarely used clinically (147). Accordingly, researchers and clinicians 

employ estimated glomerular filtration rate as an index of kidney function (148–150). 

Glomerular filtration rate can be estimated via equations accounting for serum creatinine or 

cystatin C, age, biological sex, and body size (151). Despite the widespread use of this estimated 

glomerular filtration rate clinically, creatinine clearance is impacted by renal tubular creatinine 

secretion, resulting in two-fold limitation at the extremes of physiological ranges (147). Namely, 

at the low and high end of estimated glomerular filtration rate, creatinine clearance tends to over- 

and under-estimate glomerular filtration rate, respectively (147). Furthermore, creatinine 

excretion is impacted by patient muscle mass (152). Cystatin C is a protein that is removed from 

circulation exclusively through glomerular filtration and is not impacted by factors such as 

muscle mass. For this reason, serum cystatin C is often used independently or as a modifier in 

the calculation of estimated glomerular filtration rate (153). Furthermore, cystatin C has been 

demonstrated to have a significantly more linear relationship with risk for chronic kidney disease 

compared to creatinine, in both healthy as well as clinical populations (154–156). Clinically, 

baseline blood pressure, particularly when elevated or high, is associated with a more rapid 

decline in kidney function, quantified as estimated glomerular filtration rate (157).  
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Glomerular hyperfiltration 

 Glomerular hyperfiltration represents an increase in glomerular filtration above baseline 

values, typically two standard deviations above resting in healthy individuals (149, 158), 

although this definition is complicated by age-related decline in glomerular filtration rate. 

Hyperfiltration can occur at the single nephron level which compounds at the level of the whole 

kidney. While there remains to be a consensus, the most compelling data suggests that single-

nephron hyperfiltration precipitates compensatory renal hemodynamic changes that ultimately 

results in global impairments in glomerular filtration rate and the inexorable progression towards 

chronic kidney disease (159–161). Single nephron hyperfiltration, sometimes referred to as 

relative hyperfiltration, results in glomerular damage that impairs the filtering efficacy of the 

nephron in question (162). As the proportion of impacted nephrons increases, the remaining 

unaffected nephrons subsequently increase their glomerular filtration rate to offset the decreases 

wrought by the impaired nephrons. Despite large quantities of nephrons per kidney, eventually 

this progressive glomerular damage exhausts the supply of healthy filtration units, resulting in 

impairments in kidney function and, eventually, chronic kidney disease (160, 161). In healthy 

individuals, the resilience of the kidney to a transient state of absolute hyperfiltration is termed 

“renal functional reserve” and represents the ability of the kidney to respond to a stressor that 

evokes an increase in filtration (163). The inability of the kidney to increase glomerular filtration 

rate in response to a stimulus such as an oral protein load suggests glomerular hyperfiltration at 

rest, a hallmark of impairment and putative indicator of early-stage renal disease (164).  

 Glomerular hyperfiltration is a complex pathological state, as it is both a cause and 

consequence of kidney injury, either acute or chronically. As it relates to essential hypertension, 

the primary drivers of hyperfiltration are likely increased renal afferent arteriolar pressure and 

increased renal efferent arteriolar vasoconstriction (158). Renal afferent arteriolar pressure 

parallels systemic arterial pressure and renal efferent arteriolar vasoconstriction is most 

commonly elicited via the renin-angiotensin-aldosterone system (158). In individuals with 

elevated and high blood pressure, these pathologies would be met by increased arterial pressure 

as well as sympathetic overactivity, respectively. As such, interventions aimed at improving the 

pathogenesis of glomerular hyperfiltration would likely improve long-term renal functional 

outcomes and reduced the risk of incident chronic kidney disease (165–167).  
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Despite renal autoregulation, it has been postulated that systemic hypertension evokes 

repeated increases in glomerular pressure, resulting in endothelial cell damage and loss of 

nephron functionality (168, 169). The progressive loss of nephrons is hypothesized as a primary 

driver of essential hypertension, demonstrative of the vicious cycle of hypertension and impaired 

kidney function (170). Repeated endothelial insult by elevated blood pressure compromises the 

number of functional nephrons (168). Autopsy data from middle-aged healthy individuals report 

that those with elevated and high blood pressure present with lower absolute numbers of 

nephrons compared to their normotensive counterparts (171).  

 

Hypertension and Albuminuria  

Albumin is a protein produced by the liver that is found in blood and helps to generate 

oncotic pressures within blood for long-term capillary fluid balance. As established, persistent 

elevations in single nephron glomerular filtration, driven in large part by increased blood 

pressure, result in glomerular damage. The clinical manifestation of this damage is albuminuria, 

wherein damaged glomeruli permit albumin to be excreted into the urine. Microalbuminuria, 

classified as urine albumin excretion of 30-300 mg/24h, was initially associated with the risk of 

developing proteinuria and premature mortality in individuals with type II diabetes mellitus 

(172). In non-diabetic populations, sub-clinical albumin excretion also predicts the development 

of both cardiovascular disease as well as chronic kidney disease (173–175). In a 10-year 

population-based cohort study, albuminuria was shown to be an independent predictor of 

ischemic heart disease, and is associated with a significant reduction in disease-free survival 

during the follow-up period (173). Similarly, cross-sectional data suggests that microalbuminuria 

is associated with an increased blood pressure and cardiovascular disease risk (176–178). 

Perhaps most compellingly is data that suggests elevated urine albumin excretion and urinary 

albumin:creatinine ratio in the highest quartile of participants was associated with a twofold 

higher risk for hypertension, even among presently normotensive individuals (174, 179). 

Collectively, these population-based analyses indicate that microalbuminuria may represent 

incipient cardiovascular disease as readily as it does chronic kidney disease. To that end, 24h 

urine albumin excretion as low as 5mg/g of creatinine are associated with an increased risk of 

hypertension, major cardiovascular events, as well as all-cause mortality in healthy individuals 

(180–182).  
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The suggested mechanisms underlying urine albumin excretion are impairments in 

glomerular endothelial function, ostensibly indicative of increased permeability (183, 184). 

Among adults with untreated hypertension but with normal serum creatinine levels, impaired 

vasodilatory response to acetylcholine infusion is significantly associated with compromised 

renal function as well as reductions in estimated glomerular filtration rate (185, 186). 

Furthermore, cross-transplantation data from animals with experimental hypertension to those 

with normal blood pressure evokes a hypertensive profile in otherwise healthy animals, further 

underscoring the central role of the kidney in cardiovascular dysfunction and hypertension (187). 

Data in individuals with type II diabetes has shown that Thiazolidinediones, a class of drugs that 

improve insulin sensitivity, elicited improvements renal hemodynamic and endothelial function, 

mediated through improvements in nitric oxide bioavailability (188). Furthermore, renovascular 

hypertension is associated with impairments in endothelium-dependent dilation, demonstrably 

due to renin-angiotensin-aldosterone activation and subsequent increases in oxidative stress 

(189). Additionally, impairments in endothelial function as well as increased reactive oxygen 

species are associated with increased ambulatory blood pressure as well as blood pressure 

variability (190).  

 

Arterial Stiffness and the Kidney  

 The kidney, much like the brain, receives a staggeringly high percentage of total resting 

cardiac output relative to its size. The consequence of being a low resistance, high flow organ is 

that the kidney is particularly susceptible to increased arterial stiffness, high blood pressure, and 

pulsatile changes in blood flow (191, 192). Increased arterial stiffness is significantly correlated 

with increased urine albumin excretion and impaired kidney function, as measured by estimated 

glomerular filtration rate (193–195). Importantly, both previous occur in the absence of “classic” 

cardiovascular and metabolic disease risk factors such as hypertension, dyslipidemia, and 

diabetes.  

 The relationship between increased arterial stiffness and impaired kidney function is 

highly integrative. Depicted below in Figure 2.2. is a schematic of the vicious cycle precipitated 

by long-term unchecked high blood pressure. The cellular signature that precipitates the cycle in 

Figure 2.2 is endothelial dysfunction, characterized by a reduced production of nitric oxide 

mediated by endothelin-1 and oxidative stress. Hypertension and endothelial dysfunction 
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contribute to increased conduit artery stiffness. Increased arterial stiffness causes increases in 

pulsatile pressure in vulnerable vascular beds, such as the kidney, which ultimately results in 

glomerular damage (191). Additional contributors include neurogenic and humoral axes such as 

excessive sympathetic nervous system activity and chronically active renin-angiotensin-

aldosterone system activity.  

 

 

HYPERTENSION AND ALZHEIMER'S DISEASE  

A decline in cognitive function that occurs with aging often represents the first salient 

symptom of neurodegenerative diseases such as Alzheimer’s Disease (AD). Alzheimer’s Disease 

is the most common neurodegenerative disease, impacting over 6 million Americans, a figure 

that is projected to nearly triple by 2050 in light of an aging population (196). Aging also 

represents the primary risk factor for cardiovascular disease, and age-associated increases in 

systolic blood pressure and vascular dysfunction are undoubtedly involved in cognitive decline 

(197). Hypertension acts synergistically with age to increase the risk of Alzheimer’s Disease. 
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The subsections below detail common vascular and hemodynamic changes in hypertension and 

their role in the development and progression of AD.  

 

Hypertension and Alzheimer’s Disease 

 Aging represents a primary risk factor for Alzheimer’s Disease (198), which is 

exacerbated by cardiovascular disease (199). High blood pressure is a modifiable risk factor for 

cardiovascular and cerebrovascular disease and an important therapeutic target for attenuating 

Alzheimer’s Disease risk (200–203). Indeed, even in the absence of overt neurodegenerative 

disease, there is evidence for impaired cognitive function in individuals with hypertension (204–

206). Furthermore, midlife hypertension is associated with an increased incidence of dementia in 

later life in a dose-dependent fashion (207–211). Collectively, these data demonstrate that blood 

pressure control in mid-life is critical for maintaining optimal cerebrovascular health and 

maintaining cognitive function. 

Among the first studies published regarding blood pressure and cognitive function was 

from Wilkie and Eisdorfer, demonstrating that diastolic hypertension was related to significant 

declines in cognitive performance when compared with normotensive individuals (212). 

Recently updated blood pressure classifications have increased the prevalence of hypertension in 

the United States, meaning are a greater percentage of individuals that are at increased risk for 

cognitive impairment and Alzheimer’s Disease, exacerbated by a large aging population and 

predicted increases in cardiovascular disease risk in this population (201, 202, 213).  

 Hypertension has been shown to be the only risk factor for AD where a reduction in 

blood pressure elicited a reduction in the incidence of dementia, both among adults with a history 

of hypertension (214, 215), as well as cerebrovascular disease (216). Importantly, strategies 

aimed at improving blood pressure carry multi-fold benefits through midlife and with advancing 

age. Lastly, younger individuals with high blood pressure are more susceptible to 

neuroanatomical changes later in life (204, 205). For these reasons, it is of critical importance to 

establish further therapeutic strategies for improving blood pressure and cardiovascular disease 

risk in the prodromal period before overt cardiovascular disease manifests.  
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Ambulatory Blood Pressure and the Brain  

 Ambulatory blood pressure is a non-invasive assessment of blood pressure during daily 

life, which is to say outside of the clinic. Ambulatory blood pressure is more predictive of target 

organ damage when compared with clinic blood pressure and bears particular relevance for 

individuals with elevated or mild hypertension (217). Ambulatory blood pressure is generally 

assessed for 24-48 hours, with a frequency of measurement ranging from every 15 minutes to 

once per hour. Because blood pressure is measured for an entire 24-hour period, clinicians and 

researchers can more completely characterize blood pressure in waking and sleeping hours. 

Individuals who experience a nocturnal decrease in blood pressure of ≤ 10% are termed “non-

dippers,” while their counterparts who experience a fall between 10-20%, “dippers,” and those 

with a fall >20%, “extreme dippers” (218). Among individuals with hypertension, failure to 

achieve a nocturnal reduction in blood pressure of ≥ 10%, termed non-dipping, is associated with 

an increased risk of future cardio- and cerebrovascular events, as well as target organ damage 

(e.g., the brain and kidneys) (219–225). 

White matter hyperintensities (WMH), which are putative markers of small vessel disease 

and damage, represent a biomarker of the interaction between cardiovascular and Alzheimer’s 

disease risk during neuroimaging. Hypertension in mid- and late-life is associated with an 

increase in WMH, although this risk can be reduced with blood pressure treatment (226). Others 

have reported that higher ambulatory blood pressure irrespective of time (total, awake, or asleep) 

was associated with significantly greater volume of total, periventricular, and deep WMH (227). 

Furthermore, greater ambulatory systolic blood pressure, but not clinic systolic blood pressure, is 

associated with greater WMH accrual among mid-life and older adults (228). These reports, and 

others (229), suggest that ambulatory blood pressure is more predictive of WMH accumulation 

and risk for cerebrovascular disease and dementia, particularly among individuals with 

hypertension. 24-hour ambulatory blood pressure profiles may predict the location and nature of 

white matter lesions, inasmuch as greater 24h and daytime pulse pressure is associated with a 

greater volume of WMH, while higher 24h mean arterial pressure was more closely associated 

with lacunar infarcts (230).  

Paradoxically, extreme dipping (nocturnal reduction in blood pressure ≥20%) was also 

associated with silent cerebrovascular disease and an increased risk for cerebrovascular events 

(218). Individuals with extreme nocturnal dipping are most likely to experience isolated systolic 
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hypertension, although the progression of silent cerebrovascular disease may also be explained in 

part by cerebral hypoperfusion owing to the dramatic fall in nocturnal blood pressure (218). 

Furthermore, this alleged hypoperfusion may be exacerbated by pharmacological control of 

blood pressure (231), although others have reported that this reduction in perfusion is transient in 

nature and cerebral vascular promotes adaptation to normalize perfusion (232). It is unknown if 

this relationship persists in individuals who experience an improvement in blood pressure as the 

result of lifestyle interventions such as physical activity, nutrition, or sleep.   

Lastly, high blood pressure is associated with increased risk of total brain atrophy (233–

237). Interestingly, nocturnal ambulatory systolic blood pressure is most strongly negatively 

correlated with total brain volume and may serve as a link between blood pressure and brain 

atrophy (226, 236). 

 

Hypertension and Cerebral Blood Flow 

 Oftentimes, studies of cerebral blood flow and hypertension examine the synergistic 

relationship of aging and high blood pressure. For this reason, it can be challenging to elucidate 

the isolated effects of hypertension on cerebral blood flow, both regionally or globally, refined to 

white matter or gray matter. Fortunately, the strongest of these studies includes a healthy, age-

matched control, and perhaps a young hypertensive group. From these, we can impute with 

reasonable success the impact of hypertension on cerebral blood flow and perfusion. Cerebral 

blood flow refers to the total volume of blood that supplies the brain, while cerebral perfusion is 

blood flow that has been normalized to tissue mass or volume, particularly white and gray 

matter. Previous data has suggested that small vessel disease may play a causal role in the 

impairment in cerebral blood flow seen with hypertension (238–240). Indeed, among individuals 

with hypertension, regional and global cerebral perfusion is reduced relative to their age-matched 

counterparts (238, 241), although this reduction can be ameliorated through pharmacological 

interventions to lower blood pressure (242, 243). At present, there is a dearth of research 

examining the role of lifestyle interventions such as exercise or heat therapy for improving 

cerebral blood flow in this population.  
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White Matter Hyperintensities  

Clinically, white matter hyperintensities (WMH) have been suggested to be a cause and a 

consequence of cerebral small vessel disease (244, 245). However, because of the non-specific 

etiology of the increased signal intensity (e.g., T2-weighted imaging reports increased water at a 

given location within the brain irrespective of cause rather than in response to a discreet 

physiological event), as well as the heterogeneity of location, WMH lack strong diagnostic 

capabilities (246–248).  

 Longitudinal data among normo- and hypertensive individuals suggests that higher blood 

pressure at baseline is significantly associated with risk for severe WMH, and that incident 

hypertension during the follow-up period was associated with greater WMH volume (249). 

These findings were subsequently replicated among longer follow up intervals in the Rotterdam 

scan study (250). Collectively, these findings indicate that higher blood pressure in mid-life are 

associated with increased WMH, and by extension cerebral small vessel disease later in life (244, 

249, 251). While the exact pathology is unclear, some have postulated that increased arterial 

stiffness may be permissive in the development of WMH (252). Indeed, among adults with 

untreated hypertension, higher arterial stiffness, as measured by pulse wave velocity, was 

associated with a greater volume of white matter lesions (252).  

 

Arterial Stiffness and the Brain 

Large artery stiffening, which occurs in normal aging, can be accelerated by hypertension 

(253). In recent years, greater arterial stiffness and the subsequent increases in blood pressure 

and pulse wave velocity have been demonstrated as risk factors for dementias such as 

Alzheimer’s Disease (254). The brain, like the kidney, is a high-flow, low-resistance organ, 

which renders it particularly susceptible to high pulsatile pressure. These pulsatile pressures 

ultimately result in microvascular and structural damage (191, 255). Current understanding 

suggests that large artery stiffening and the concurrent increase in pulse pressure plays an 

integral role in the manifestation and progression of microvascular disease in the brain and the 

kidney (131, 191, 256). Furthermore, small vessel damage related to increased pulse wave 

velocity is undoubtedly related to cerebral hypoperfusion, a contributing factor to Alzheimer’s 

Disease risk (257). As is common with multiple pathologies of cardiovascular disease, elevated 

systolic blood pressure and the subsequent widening of pulse pressure, or the difference between 
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systolic and diastolic pressure, may precipitate a decline in endothelial function that is causal in 

the development of Alzheimer’s Disease (256).  

There is an increasing body of evidence from large longitudinal clinical trials in support 

of the role that increased arterial stiffness plays in AD risk. In support of this putative 

progression, data from the Baltimore Longitudinal Study of Aging report declines in 

performance on tests of verbal learning, delayed recall, and nonverbal memory with increasing 

pulse wave velocity (258). Triantafyllidi and colleagues demonstrated a link between cognitive 

function and large artery stiffness in individuals with never-treated hypertensive individuals with 

mild-to-moderate essential hypertension (259). Specifically, the authors report that carotid-

femoral pulse wave velocity was the only predictor of performance on the Mini Mental State 

Examination in this population (259). These findings have been supported by Hajjar and 

colleagues, who demonstrated that individuals with both hypertension and elevated pulse wave 

velocity presented with the greatest decline in executive score (260). Additionally, the authors 

argue that carotid-femoral pulse wave velocity is superior to blood pressure in its ability to 

predict cognitive decline and represents a key outcome target for preventing cognitive decline, 

particularly in individuals with hypertension (260). 

Interventions aimed at improving blood pressure in middle-aged adults have the potential 

to improve both cardiovascular as well as neurodegenerative disease risk to a greater extent than 

those implemented later in life (261–263). At present, aerobic exercise is the gold standard for 

both improving cardiovascular disease risk (264, 265), as well as neurodegenerative disease risk 

(266), but there is emerging evidence that heat therapy may carry benefits for lifelong and aging 

brain health (267–270). Lifestyle interventions can improve cerebrovascular health and prevent 

age- and cardiovascular disease-related declines in cognitive function through putative 

mechanisms such as: improvements in endothelial function and reductions in inflammation, large 

artery stiffness, and blood pressure.  
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EXERCISE AS A LIFESTYLE MODIFICATION FOR CARDIOVASCULAR HEALTH: 

  

Background 

The recommendation of physical activity as a primary lifestyle modification for reducing 

blood pressure originated with statements from governing bodies such as the United States Joint 

National Committee on Prevention, Detection, Evaluation, and Treatment of High Blood 

Pressure, the World Health Organization and International Society of Hypertension, and the 

American College of Sports Medicine (271–273). These position stances were further expanded 

upon in future statements, such as each subsequent Joint National Committee publication (197, 

274). In a now-seminal paper, Morris and colleagues were the first to effectively demonstrate a 

link between increased levels of physical activity and a reduced risk for coronary heart disease 

(275). In the intervening years between its publication in 1953 and today, countless studies, both 

original research and epidemiological investigations, have demonstrated the link between 

physical activity and improved cardiovascular health. In the interest of brevity, only studies 

relevant to hypertension will be discussed here.  

Physical activity has been long appreciated for its beneficial role in improving 

cardiovascular, cognitive, and metabolic health. The American College of Sports Medicine 

recommends that adults should aim for a minimum of 150 minute per week of moderate-intensity 

aerobic activity each week (276). Additional health benefits may be obtained for physical 

activity totaling over 150 minutes per week, including greater reductions in the risk for 

cardiovascular disease such as hypertension. Slightly over half (~53%) of all United States adults 

over the age of 18 meet the American College of Sports Medicine guidelines for recommended 

weekly physical activity (5). The inability to meet physical activity guidelines may in part 

explain the prevalence of hypertension within the United States, as current data suggests that 

even small amounts of physical activity (less than 30 minutes per day) are capable of 

significantly reducing premature mortality in individuals that are at risk for coronary heart 

disease (277, 278). There is a high ceiling for the potential benefits obtained through regular 

exercise, as vigorous physical activity is strongly inversely associated with coronary heart 

disease in both men and women (279). The subsections below discuss the data demonstrating the 

benefits of exercise on the established contributors to vascular dysfunction in essential 

hypertension.  
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Exercise and Oxidative Stress 

 Mild-to-moderate exercise is capable of mitigating the damage of reactive oxygen species 

on the intrinsic anti-oxidative molecules superoxide dismutase and glutathione (280), as well as 

increasing antioxidant content (281). In an example of hormesis, endurance exercise training 

offers protective benefit from the oxidative stress insult of future bouts of heavy exercise (282). 

Improved antioxidant efficacy is beneficial for mitigating future oxidative stress, but effectively 

combating the detrimental effects of oxidative stress also requires an intervention that reduces 

reactive oxygen species production.  

 In clinical populations, previous data has demonstrated the benefits of exercise training 

for decreasing the content of pro-oxidative proteins and increasing the content of anti-oxidative 

proteins (283). In older men with stable coronary artery disease, moderate-intensity endurance-

exercise training elicited an increase in superoxide dismutase content as well as increased 

endothelium-dependent dilation, suggesting a superoxide dismutase-mediated increase in 

vascular endothelial nitric oxide synthase. While chronically high levels of hydrogen peroxide 

cause cellular damage, normal physiological concentrations, which result from the neutralization 

of superoxide by superoxide dismutase during exercise, potentially mediate improved vascular 

health following exercise training (284). Hydrogen peroxide has been implicated in increased 

concentration of endothelial nitric oxide synthase both in vitro (51, 285) and in vivo (286). Taken 

together, these data suggest that regular physical activity is capable of evoking antioxidative 

benefits among healthy individuals as well as populations that are characterized by increased 

oxidative stress, such as those with hypertension and cardiovascular disease (284).  

 

Exercise and Endothelial Function 

 During exercise, increases in heart rate, cardiac output, and blood flow elicit increases in 

vascular shear stress, which is both a physiological stimulus for endothelial nitric oxide 

production, as well as a mediator of increased vascular endothelial nitric oxide synthase 

expression (287). In cultured human umbilical vein endothelial cells, laminar shear stress is 

associated with a dose-dependent upregulation of nitric oxide synthase, compared to no increase 

in nitric oxide synthase with turbulent flow (288). Data from animal models supports the 

conclusion that chronic intermittent increases in blood flow and, subsequently, shear stress, are 

associated with an upregulation of vascular nitric oxide synthase activity (289–291).  
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 A series of elegant studies from Green and colleagues were among the first to 

demonstrate that the improvement in endothelial function with exercise training is a shear-stress- 

and nitric oxide-dependent phenomenon. Initial studies examined the role of nitric oxide for 

controlling blood flow to non-active vascular beds in the upper body during lower-body exercise. 

Using the nitric oxide synthase inhibitor L-NMMA, the authors report that nitric oxide activity is 

increased in the forearm during lower body exercise (292). These results serve as the foundation 

for future studies interrogating the role of nitric oxide in improvements in global vascular health 

following exercise training. Additional investigations demonstrated the importance of shear 

patterns (either antegrade or retrograde) for the release of nitric oxide during exercise (293). 

Indeed, endothelial responsiveness to a shear stimulus, such as flow-mediated dilation, is 

dependent on nitric oxide in conduit vessels (294). Tinken and colleagues demonstrated, using 

bilateral arm exercise with unilateral vessel occlusion, that shear stress is obligatory for 

improvements in endothelium-dependent dilation following exercise training (295). Intermittent 

increases in shear stress with exercise training are requisite for improvements in endothelial 

function and health with exercise training, both in response to local small muscle mass (296), 

and whole body dynamic exercise (297, 298).   

 Endothelial function declines with age, but lifelong exercise as well as exercise training 

in mid- and late-life have been shown to significantly increase nitric oxide-dependent 

microvascular function, relative to sedentary controls (299). With regular exercise training, 

endothelium-dependent dilation increases initially but returns to baseline, while vessel dilatory 

capacity increases throughout training, indicative of favorable vessel remodeling and increased 

lumen diameter (300). Regular physical activity has been demonstrated to improve endothelial 

function among healthy individuals across the lifespan (301–304), those with early-stage 

cardiovascular disease (305), and populations with established cardiovascular disease (278, 306–

309). 

 Finally, and perhaps most importantly, improvements in endothelial function can occur 

following exercise training without concurrent improvement in other traditional cardiovascular 

disease risk factors, such as blood pressure, plasma lipids, or body mass index (310). The 

previous data set was highly homogenized across the spectrum of health and disease, including 

individuals with treated and untreated hypercholesterolemia, coronary artery disease, chronic 

heart failure, type 2 diabetes, and healthy controls (310).  
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Exercise Interventions to Improve Arterial Stiffness  

 There is a sizable body of evidence in support of exercise-mediated improvements in 

arterial stiffness in healthy individuals (311–314), ostensibly through beneficial vascular 

remodeling, improved endothelial function, or reduced sympathetic outflow (315, 316). The data 

surrounding the benefits of exercise on arterial stiffness among individuals with high blood 

pressure, however, is mixed (317). Some reports suggest that exercise can effectively reduce 

arterial stiffness in those with elevated blood pressure (318–321), while others report no change 

(317, 322, 323), and still others that initial reductions in arterial stiffness revert to baseline values 

after cessation of training (324). The results of a recent meta-analysis suggest that aerobic 

exercise is consistently capable of eliciting reductions in arterial stiffness when accompanied by 

significant reductions in blood pressure, or when training is prolonged (>6 months) (317).  

Aging remains the greatest risk factor for increased arterial stiffness. In the absence of 

overt cardiovascular disease and a low burden of risk factors, age was the strongest correlate of 

carotid-femoral pulse wave velocity (325). Exercise is known to mitigate age-related increases in 

arterial stiffness, wherein more active individuals present with lower arterial stiffness than their 

sedentary, age-matched counterparts (326–331). Furthermore, exercise training has been shown 

to improve arterial stiffness in a linear fashion related to the improvements in cardiorespiratory 

fitness (332).  

Life-long aerobic exercise has been shown to slow age-related increases in arterial 

stiffness, maintaining biologically “younger” aortic age in highly active and aerobically fit older 

individuals (326–331, 333). Despite these well-established benefits of life-long aerobic exercise, 

it does not appear that exercise interventions later in life are capable of improving the biological 

aortic age of formerly sedentary individuals to their fit counterparts, despite improvements in 

most other metrics (e.g., body mass, cardiorespiratory fitness, diastolic blood pressure) (334).  

 

Exercise and Sympathetic Nervous System Activity  

The beneficial effects of regular physical activity on the cardiovascular system may be 

mediated in part by reductions in sympathetic nerve activity, which exerts potent effects on 

resting and exercising blood pressure, in both healthy and diseased populations (264, 335–339). 

To date, there have been several extensive reviews examining the impact of exercise training on 

sympathetic nervous system activity, with equivocal findings (340, 341). Often, investigations 
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utilize plasma norepinephrine, local norepinephrine spillover, or direct muscle sympathetic nerve 

activity recordings to assess changes in sympathetic nervous system activity following exercise 

training. It is possible that the technique used to quantify sympathetic nervous system activity 

may influence the interpretation of the impact of exercise on sympathetic neural outflow. On the 

whole and across all techniques, exercise may have minimal impact on sympathetic neural 

outflow, but specific investigations suggest that exercise training may reduce plasma 

norepinephrine levels by up to 40% (264). This is corroborated in part by data suggesting that 

local renal norepinephrine spillover, but not cardiac norepinephrine spillover, is reduced 

following exercise training (336). Although this is a single investigation with limited scope, the 

kidney plays a highly integrative role in long-term blood pressure regulation. Taken together, 

these data still compellingly demonstrate that exercise training can evoke improvements in 

sympathetic outflow that may be causal in improvements in cardiovascular health.  

To date, there has been one well-controlled study examining reductions in sympathetic 

neural activity in adults with untreated essential hypertension. Adults with never-before-treated 

hypertension were randomized into either a 4-month exercise training program or a time-

matched sedentary control condition. The authors report that regular aerobic exercise training 

was capable of significantly reducing resting blood pressure and muscle sympathetic nerve 

activity (342). Furthermore, exercise training improved baroreflex control of heart rate and blood 

pressure during the modified oxford technique such that it was significantly different than the 

non-exercising group and comparable to the endurance-trained normotensive control subjects 

(342).  

In individuals with metabolic syndrome, which is defined in part by hypertension, a 

combined physical activity and weight loss program reduced both resting muscle sympathetic 

nerve activity as well as resting whole-body norepinephrine spillover (343). Unfortunately, the 

authors report that individuals in the structured weight loss without exercise group saw similar 

reductions in sympathetic neural outflow and norepinephrine spillover (343).  

In an additional clinical population, those with a history of uncomplicated myocardial 

infarction, exercise training significantly reduced systolic blood pressure and muscle sympathetic 

nerve activity, as well as normalized baroreflex sensitivity compared to non-exercising 

individuals with a history of myocardial infarction (344). Regular physical activity maintained 



 

43 

 

 

these improvements at a 3-month follow-up, such that the experimental group was not different 

from healthy controls with no history of adverse cardiovascular events (344).  

While the fidelity of its representation of cardiac autonomic modulation is contested 

(345–347), heart rate variability is often utilized experimentally as a non-invasive and easy 

estimate of cardiac sympathetic and parasympathetic activity. Among individuals with elevated 

blood pressure and stage 1 hypertension, both aerobic and resistance exercise elicited reductions 

in low frequency and increases in high frequency power, which represent a decrease in 

sympathetic and increase in vagal tone, respectively (348). Furthermore, both experimental 

groups experienced a significant reduction in both systolic and diastolic blood pressure following 

the intervention (348).  

 

Randomized Controlled Trials: Exercise and Hypertension 

 A recent systematic review and meta-analysis examining the role of physical activity to 

prevent and treat hypertension underscores the importance of an active lifestyle for improving 

blood pressure (349). The studies examined found that the magnitude of change in blood 

pressure following traditional exercise interventions ranged from 2-7 mmHg and 1-4 mmHg for 

systolic and diastolic pressure, respectively (264, 265, 350–353). The aforementioned studies 

were conducted in individuals with pre-hypertension, or more accurately termed “elevated” 

blood pressure according to the JNC8 guidelines (274). Several other intervention of individuals 

with established hypertension also support the beneficial effects of exercise on blood pressure 

(264, 265, 354) 

 Exercise remains the most impactful lifestyle modification for improving cardiovascular 

disease risk in individuals with hypertension, (355, 356), comparable to reductions in blood 

pressure that are seen with initiation of anti-hypertensive treatment (357). There is an inverse 

relationship between physical activity and cardiovascular disease risk (358), which remains true 

for both men and women after adjusting for other cardiovascular disease risk factors (359).   

 

Cardiorespiratory Fitness and Cardiovascular Morbidity and Mortality  

 High cardiorespiratory fitness is associated with reductions in cardiovascular as well as 

all-cause mortality. In a cohort study of over 250,000 individuals in Sweden, Ekblom-Bak and 

colleagues reported that with each 1 mL/kg/min increase in VO2max, there is a 2.3% and 2.6% 
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reduction in cardiovascular disease risk in men and women, respectively (360). For men, this 

relationship did not plateau over the range of VO2 values reported, indicating that further 

increases in cardiorespiratory fitness would correspond to decreases in cardiovascular disease 

risk and mortality (360). These findings have been substantiated elsewhere, as the results of the 

Aerobics Center Longitudinal Study report that each 1-MET improvement in during maximal 

exercise is associated with a 15% lower risk of all-cause mortality, and a 19% reduction in 

cardiovascular disease mortality (361). More specifically, increases in cardiorespiratory fitness 

are associated with reductions in the risk of incident hypertension. Juraschek and colleagues 

reported that greater achieved metabolic equivalents during graded maximal exercise testing 

corresponds to development of incident hypertension during a 5-year follow-up period (362). 

Specifically, individuals that reached MET values ≥12 had a 20% lower risk of developing 

hypertension during the follow-up period compared to those that achieved ≤6 METs (362). 

Farrell and colleagues examined the potential for a gradient of risk across the range of 

cardiorespiratory fitness in a large cohort of men studied over a mean follow-up period of 19 

years. They report that men in the lowest quintile of cardiorespiratory fitness present with the 

highest all-cause mortality rates (363) 

 Hypertension specifically is also intimately linked with cardiorespiratory fitness in both 

men and women, as reported from a large cohort study of Swedish adults (364), as well as others 

(365). Holmlund and colleagues report that even after adjusting for changes in smoking, body 

mass, diet, stress, and exercise habits, a large increase in cardiorespiratory fitness (defined as a 

≥3% annual change) is associated with an 11% lower risk of incident hypertension compared to 

individuals that maintained cardiorespiratory fitness (defined as ±1% annual change). 

Conversely, a small (-1% to -3%) and large (≥-3%) decrease in cardiorespiratory fitness was 

associated with a 21% and 25% increase in the risk of incident hypertension, respectively (364). 

It is clear from these data that maintaining or increasing cardiorespiratory fitness is imperative in 

reducing both cardiovascular disease risk, as well as all-cause mortality.  

 

Exercise and Improvements in Kidney Function 

Due to its tight relationship with the systemic vasculature and integral role in long-term 

fluid balance and blood pressure, improvements in kidney function are often considered 

secondary to improvements in blood pressure. Furthermore, much of the existing literature 
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surrounding exercise training and kidney function has been conducted in individuals with overt 

chronic kidney disease, type II diabetes, or both. Owing to the relationship between the kidney 

and blood pressure, these data are often challenging to extricate and apply to other populations, 

such as middle-aged adults with high blood pressure but without overt cardiometabolic disease 

other than hypertension.  

 

Albuminuria  

 Microalbuminuria (30-300 mg albumin excretion/day) is associated with impaired renal 

endothelial health and higher blood pressure (169). There is compelling data from individuals 

with type II diabetes that regular physical activity is associated with a reduction in albuminuria 

(366, 367), while the data from non-diabetic healthy individuals is somewhat equivocal (368, 

369). Data from the Nurses’ Health Study I and II conducted in the United States from 1976-

1997 and 1989-2000, respectively, report a significant negative correlation between albuminuria 

and regular physical activity (370). This relationship was valid for both low-intensity exercise 

(quantified as walking time) as well as strenuous activity of any modality (370). Still others 

report no effect of regular physical activity on albuminuria (369).  

 

Exercise to Improve Cognitive Function and Brain Health 

 

Brain-Derived Neurotrophic Factor  

 Brain-derived neurotropic factor (BDNF) is released primarily (~70%) from the brain, 

with supporting contributions from vascular endothelial and smooth muscle cells, BDNF 

formerly bound to platelets, as well as immune cells (371, 372). Shear stress was an effective 

stimulus for BDNF release in cultured coronary endothelial cells and possibly from platelets, a 

response that may potentiate the upregulation of BDNF expression with exercise training (373, 

374). BDNF released from the brain is primary concentrated within the hippocampus and cortex, 

and supports neuron survival and growth, as well as synaptic plasticity (375–379). Various 

animal models of exercise have demonstrated that exercise reliably and reproducibly increases 

BDNF concentrations (380–384), while human data demonstrate that BDNF concentration in 

serum increases following exercise in an intensity-dependent manner (385–387). In an animal 

model, both daily as well as alternate day exercise were capable of inducing BDNF protein 
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expression within multiple subregions of the hippocampus, an expression that remained elevated 

for several days following cessation of exercise (388). The transient, exercise-mediated increases 

in concentration appear to be a primary mediator of attenuated hippocampal atrophy as well as 

improved memory function with aging (389, 390). Furthermore, among animal models, BDNF 

receptor blockade results in attenuated improvements in cognitive function and hippocampal-

dependent learning (383).  

 

Hippocampal Volume 

The hippocampus is a primary locus of memory in the brain that unfortunately 

experiences a reduction in volume that is associated with advanced aging and as well as 

Alzheimer’s Disease risk (391, 392). Hippocampal atrophy is accelerated by hypertension, a 

reduction that is both progressive and cumulative, wherein a longer period of high blood pressure 

is associated with a greater reduction in volume (234, 393). To date, there have been several 

studies examining the impact of aerobic exercise training on hippocampal volume, often with 

equivocal results. Data from randomized controlled trials of humans are largely in support of the 

benefit of exercise on hippocampal volume. Among healthy as well as patient populations, 

exercise training has been demonstrated to increase hippocampal volume, with the increase in 

volume significantly correlated with increases in maximal oxygen consumption (394). 

Furthermore, aerobic exercise has been demonstrated to increase hippocampal volume among 

adults following interventions lasting as short as 7 weeks up to 2 years in length (395–397). 

Moreover, sedentary older adults exhibit improvements in cognitive performance following 

aerobic exercise, and that the change in aerobic fitness were positively correlated with the 

change in hippocampal volume (398), replicating previous studies (395, 399). It has been 

postulated that the increases in volume are the result of neurogenesis (400, 401), or increased 

angiogenesis (402, 403). Lastly, these improvements are not limited to healthy older adults, but 

have been demonstrated in adults with mild cognitive impairment (404), as well as probable 

Alzheimer’s Disease (405). Despite compelling data regarding the beneficial impact of aerobic 

exercise training, hippocampal volume does not always increase in response to exercise training 

(406) and may regress to pre-intervention baseline in the absence of regular physical activity 

(399).  
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White Matter Hyperintensities 

White matter hyperintensities, termed because of their high signal density assessed using 

a T2-weighted or fluid attenuated inversion recovery sequences, are frequently seen with 

advancing age (244, 245, 407, 408). Additionally, WMH have been implicated in the progression 

of cognitive decline ultimately resulting in dementia (244, 409), or at the very least are 

permissive in the manifestation and expression of an overt clinical diagnosis of dementia (410–

412). Data from lifelong athletes indicates that compared to their age-matched sedentary peers, 

master’s athletes have significantly lower WMH volume, and that VO2max was significantly 

negatively correlated with WMH volume (413). The previous study was conducted in a relatively 

small sample size, but these findings were supported in a larger cohort of adults in their 7th 

decade, wherein physical activity was associated with reduced cerebral atrophy and less white 

matter lesions (414). Furthermore, greater physical activity and physical fitness is associated 

with greater white matter volume (415, 416). The causal link for this relationship is not fully 

understood, but limited data from meta-analyses suggests that greater physical activity is 

associated with reduced white matter hyperintensity volume (416).  

 

Cerebral Blood Flow  

While the cognitive benefits of exercise are multifactorial, Radak and colleagues suggest 

that regular increases in cerebral blood flow during exercise is linked to angiogenesis and 

improved handling of glucose, as well as the upregulation of neurotrophins involved in memory 

and brain plasticity (417). Indeed, in a large prospective cohort study examining adults aged 65 

years old and greater reported that among individuals that perform physical activity ≥3 

sessions/week, the rate of incident hypertension was 13.0 per 1000 person-years, as compared to 

a rate of 19.7 per 1000 person years for individuals that exercise ≤3 sessions/week (418). 

Additionally, results of the FINE study, examining cognitive decline in individuals aged at least 

70 or greater, report that the rate of cognitive decline was proportional to the decline in physical 

activity later in life (419).  

 There is an abundance of evidence demonstrating the benefits of exercise on brain health 

(420–422). Murrell and colleagues demonstrated improved cerebrovascular reactivity and middle 

cerebral artery blood velocity at rest in both young and older adults following 12 weeks of 

aerobic exercise training (423). Others have demonstrated improvements in regional cerebral 
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blood flow and executive function following exercise in both older men (424) and women (425). 

Data from animal models suggests that increases in vascular endothelial growth factor as well as 

endothelial nitric oxide synthase may be partially responsible for the improvements in cerebral 

blood flow following exercise training (426).  

Physical activity leads to an increase in cardiac output, which in turn leads to an increase 

in cerebral blood flow, permitting greater oxygen and nutrient delivery to the cerebral 

circulation. The effect of this is two-fold: there is (1) an increase in antioxidant enzymes, such as 

superoxide dismutase, as well as (2) an improvement in glucose handling and metabolism. 

Collectively, these changes result in angiogenesis, improvements in nitric oxide and endothelial 

nitric oxide synthase pathways, as well as liberation of neurotrophic factors, such as BDNF 

(427). The primary responses to these hemodynamic and vascular improvements are 

neurogenesis, synaptogenesis, as well as neurotransmitter synthesis. These changes have the 

potential to elicit positive alterations in cerebral structures involved in cognition and 

memorization, as well as the neural circuits involved in cognition and movement (428, 429).   

Despite the compelling nature of these studies, there are still foundational differences 

between total cerebral blood flow and cerebral perfusion, which refers to blood flow to a specific 

region, often gray matter and white matter. Substantial pharmacologically-induced reductions in 

blood pressure in the elderly were associated with significant improvements in gray matter 

perfusion compared to age matched peers undergoing conventional blood pressure-lowering 

treatment (242). These data are encouraging insofar as suggesting that ameliorating elevated or 

high blood pressure has the potential to improve cerebral perfusion.  

 

Cognitive Function 

 There is a wealth of evidence that suggest an association between regular physical 

activity and improvements in cognitive and executive function. It is beyond the scope of this 

review of the literature to discuss the putative mechanisms underlying these improvements in 

cognitive function. However, a brief discussion of the impact of exercise training on specific, 

clinically relevant, validated assessments of cognitive function is warranted. Previous data 

suggests that regular physical activity is correlated with improved scores on the Mini-Mental 

State Examination (430, 431). Furthermore, in individuals with overt Alzheimer’s disease, 

regular physical activity prevented a reduction in mini mental state examination score, although 



 

49 

 

 

exercise was conducted in a group setting which may influence these results (432). In older 

adults, an acute bout of exercise was associated with improved performance on the mini-mental 

state examination, a global test of cognitive impairment (433).  

 

HISTORICAL PERSPECTIVES OF HEAT THERAPY 

 Heat therapy is an ancient practice, often with cultural roots (7). Despite a long history of 

repeated bouts of heat stress as a mechanism for improved health, relaxation, or greater sense of 

community, only recently has there been an increase in investigations into the efficacy of heat 

therapy to improve cardiovascular, metabolic, and cognitive health. There are a host of recent 

review articles examining heat therapy and potential overlapping mechanisms between exercise 

and heat therapy (434–437). These reviews highlight the importance of therapeutic alternatives 

to exercise training for improving cardiovascular health, particularly for populations that are 

unable or unwilling to engage in traditional exercise training. This overview of the literature is 

organized according to modality of passive heating, with a principal focus on methods that may 

be employed chronically for improved cardiovascular, cerebrovascular, and metabolic health. 

These interventions include Finnish sauna, far-infrared sauna (also known as Waon therapy), 

Japanese Onsen bathing, Bikram Yoga, and Hot Water Immersion. 

Perhaps the greatest limitation to research surrounding chronic hot water immersion for 

improving cardiovascular health is gaps in our collective understanding regarding the most 

appropriate “dose” of heat stress to improve outcome measures. To date, there have been several 

studies that have examined the impact of heat therapy on cardiovascular health across a wide 

variety of modalities and populations. However, there is a critical need for long term studies 

examining the impact of heat therapy on cardiovascular health in a controlled research setting. 

The primary focus of these controlled longitudinal investigations is the elucidation of the ideal 

timing, dose, and modality of passive heating for improved cardiovascular health.  
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MODALITIES OF PASSIVE HEATING  

 

Finnish Sauna 

 Much of our knowledge regarding the cardiovascular health benefits of heat therapy 

comes from a prospective cohort study of data from the Finnish Kuopio Ischemic Heart Disease 

Risk Factor Study (7). These data provide insight into the benefits of life-long sauna use 

regarding cardiovascular health, but are limited in their translatability to other populations, given 

how common sauna use is in Finland, where sauna bathing has strong cultural roots. Despite the 

value of these insights, experimental data examining the effects of traditional sauna bathing on 

vascular and hemodynamic parameters are limited.  

Laukkanen and colleagues conducted a prospective cohort study of 2,315 middle-aged 

men, with annual follow-ups over a median length of nearly 21 years. The authors report that the 

cumulative hazard ratio for sudden cardiac death was lowest in individuals that used sauna 4-7 

times per week, for greater than 19 minutes with each duration (7). There were similarly 

associated reductions in risk for fatal coronary heart disease, fatal cardiovascular disease, as well 

as all-cause mortality among men that utilized the sauna with the greatest frequency and longest 

duration. These findings were validated in a second cohort that included women, further 

underscoring the efficacy of life-long heat therapy for promoting and maintaining cardiovascular 

health (438). Subsequent investigations report that among individuals with normal blood 

pressure at baseline, sauna use is inversely associated with incident hypertension in a dose-

dependent manner (439). Among individuals with heart failure, traditional sauna bathing daily 

for 4 weeks is capable of reducing systolic blood pressure and plasma catecholamines, as well as 

increasing 6-minute walk test distance and peak oxygen consumption (440).   

A recent study from Lee and colleagues has addressed the dearth of long-term clinical 

trials comparing exercise and heat therapy with each other and with a time-matched control 

(441). The authors compared supervised exercise training, supervised exercise training with post-

exercise sauna, and a control condition for their impact on key outcome variables of blood 

pressure and cardiorespiratory fitness. The authors reported that compared to the control group, 

individuals in the supervised exercise group saw significant increases in cardiorespiratory fitness, 

as well as significant decrease in fat mass (441). When compared with individuals in the 

supervised exercise group, individuals in the combined exercise and sauna group saw significant 
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reductions in systolic blood pressure and total cholesterol, as well as significantly greater 

increases in cardiorespiratory fitness (441). The exercise protocol was created to mirror Finnish 

national recommendations for physical activity, which in turn are based on those of the 

American College of Sports Medicine (i.e., 150 minutes per week of aerobic physical activity, 

two 30-minute resistance training sessions). Despite the efficacy of this physical activity 

intervention to improve body composition and cardiorespiratory fitness, the authors report no 

differences in cardiovascular outcomes such as blood pressure or pulse wave velocity (441). The 

addition of 15 minutes of sauna after exercise three times per week for 8 weeks, however, 

yielded significant reductions in both systolic blood pressure and total cholesterol, in addition to 

a significant increase in cardiorespiratory fitness (441). An important caveat is that the study 

design lacked a sauna-only group, which precluded the authors from comparing the effects of 

sauna alone with exercise and sauna. This study demonstrates the cardiovascular health benefits 

of combined sauna and heat therapy, but there is still a critical need to compare heat therapy with 

supervised exercise training in those with one primary modifiable cardiovascular disease risk 

factor.  

The acute effects of sauna bathing on cardiovascular and hemodynamic function are 

mixed. Laukkanen and colleagues reported that in individuals with at least one cardiovascular 

disease risk factor, a single 30-minute sauna bathing sessions elicited significant reductions in 

carotid-femoral pulse wave velocity, mean systolic blood pressure, as well as mean diastolic 

blood pressure, but these reductions are limited in duration (442). Further evidence supports this 

data that a single traditional Finnish sauna session is capable of eliciting desirable hemodynamic 

and vascular responses, namely reductions in blood pressure and pulse wave velocity (443). Still 

others have reported that systolic and mean arterial pressure are reduced during, but not 

following, sauna bathing (444). In the same study, Gravel and colleagues demonstrated that an 

acute session of sauna bathing did not improve brachial artery Flow-mediated dilation or reactive 

hyperemia in healthy middle-aged or older adults (444). However, in a follow up study, Gravel et 

al. reported that a single session of sauna bathing does acutely improve peripheral flow-mediated 

dilation in middle-aged and older adults with stable coronary artery disease (445). Finally, in 

comparison to a time-matched control, only a combination of aerobic exercise and sauna bathing 

elicited reductions in recovery and 24h ambulatory systolic blood pressure, while sauna bathing 

alone elicited no effects on hemodynamic variables (446).  
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Far-Infrared Sauna and Waon Therapy 

 Waon therapy, developed in 1989 as a therapeutic alternative to traditional sauna bathing 

for individuals with heart failure, relies on a lower dry temperature (~60°C) than traditional 

Finnish sauna (~80-90°C). “Waon” is a combination of words meaning “soothing” and 

“warmth.” The protocol of Waon therapy involves 15 minutes in a dry sauna at 60°C, during 

which time the anticipated rise in core temperature is between 1.2 and 1.5°C. Following this, 

individuals rest for an additional 30 minutes covered with blankets to maintain the rise in core 

temperature during this period (447).  

 The efficacy of this intervention for individuals with heart failure is evident. Indeed, 

during a retrospective study following individuals with heart failure during a 5-year period, those 

who completed Waon therapy presented with a significantly lower incidence of re-

hospitalization due to heart failure or cardiac death compared to those who did not partake in 

Waon therapy (31.3% vs 68.7%, respectively) (448). Individuals with heart failure often present 

with concurrent vascular dysfunction, as evidenced by reductions in peripheral blood flow and 

shear stress, which result in reduced release of nitric oxide from the endothelium. Waon therapy 

has been demonstrated to improve vascular endothelial function, as measured by flow-mediated 

dilation, in both individuals with coronary disease risk factors (449), as well as those with 

chronic heart failure (450, 451). The putative mechanisms underlying these improvements in 

flow-mediated dilation is a shear stress-mediated upregulation of endothelial nitric oxide 

synthase expression, which has been demonstrated in animal models in response to Waon 

therapy (452, 453).  

Furthermore, endothelial nitric oxide synthase has been implicated in angiogenesis in a 

mouse model of hindlimb ischemia following Waon therapy. Briefly, the authors report that 

systemic L-NAME (an endothelial nitric oxide synthase inhibitor) administration abolished 

angiogenesis in mice undergoing Waon therapy, compared to mice undergoing the same thermal 

therapy regimen without L-NAME (454). In the same model of hindlimb ischemia in mice, 

Waon therapy has been demonstrated to upregulate heat shock protein 90 (HSP90), 

phosphorylated Akt, and phosphorylated endothelial nitric oxide synthase compared to control 

animals that did not undergo Waon therapy (455). Additionally, HSP90 inhibition prevented this 

upregulation in mice undergoing Waon therapy, as well as abolishing the attendant angiogenesis 

(455). Collectively, these data suggest that Waon therapy is a robust stimulus for improved 
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vascular health, mediated by improvements in endothelial function, with a cellular signature of 

increased HSP90. Much the same as exercise, shear stress remains an integral component of 

improvements in vascular health. 

 Acutely, far-infrared sauna has been shown to increase flow-mediated dilation and 

antioxidant markers in individuals with chronic heart failure (456). In the same population, four 

weeks of chronic Waon therapy has been shown to decrease markers of oxidative stress and 

increase nitric oxide metabolites compared to controls (457). Furthermore, in a comparative 

animal model undergoing Waon therapy, the authors report a significant upregulation in cardiac 

expression of HSP27, HSP32, and superoxide manganese dismutase, each of which reduce 

oxidative stress, compared to animals that did not engage in Waon therapy (457). Additionally, 

Waon therapy has been shown to increase flow-mediated dilation in individuals with chronic 

heart failure (451), as well as improving exercise capacity (451, 458).  

 In isolated human umbilical vein endothelial cells, FIR therapy has been shown to induce 

Heme-Oxygenase-1 dependent on the NRF2/ARE complex and may also inhibit the expression 

of endothelial cell adhesion molecules and the adhesion of monocytes to the vascular 

endothelium (459). Moreover, in bovine aortic endothelial cells, FIR increases endothelial nitric 

oxide synthase serine 1179 phosphorylation, which results in increases in nitric oxide 

concentrations as well as intracellular calcium and calmodulin protein kinase II, mechanisms that 

may underlie the improvements in endothelial function following FIR (460). Others have 

demonstrated that Waon therapy may result in increased circulation of endothelial progenitor 

cells, namely CD34+, ostensibly increasing neovascularization (461, 462), although others have 

reported a decrease in CD34+ cells following Waon therapy (458). In individuals with chronic 

heart failure, short duration (4 weeks) of Waon therapy has been shown to significantly increase 

cardiac output and left ventricular ejection fraction compared to conventional chronic heart 

failure treatment (463). Furthermore, Waon therapy is associated with an increase in high 

frequency heart rate variability, as well as a reduced LF/HF ratio, both of which are associated 

with more favorable cardiac sympathovagal balance (463).   

  

 

 

 



 

54 

 

 

Onsen Bathing 

 In Japan, an Onsen is a naturally occurring hot spring that is often developed into a 

community-oriented location for hot water immersion. Despite widespread use of Onsen bathing, 

there are limited population-based studies of hemodynamic and vascular health outcomes among 

practitioners. One available survey of individuals reports reduced brachial-ankle pulse wave 

velocity and central pulse pressure in individuals that engaged in Onsen bathing at least 5 times 

per week (464). Another study examining incidence of cardiovascular disease in men and women 

who regularly engage in Onsen bathing reports that habitual heat therapy in the form of a hot 

water bath may reduce the risk of hypertension in women, as well all-cause cardiovascular 

disease risk in men (465).   

 

Bikram Yoga 

 Bikram yoga is a style of hatha yoga popularized by its eponymous founder, Bikram 

Choudhury, where practitioners complete 90 minutes of yoga in a hot environment with low 

relative humidity (40°C and 40%, respectively) (466). There have been limited investigations 

into the efficacy of Bikram Yoga to improve cardiovascular health in individuals with 

cardiovascular disease, but there is limited cross sectional evidence to suggests that regular 

Bikram yoga practitioners present with lower blood pressure than their age-matched counterparts 

(467). Furthermore, pilot investigations report that a single session of Bikram yoga is capable of 

eliciting a reduction in diastolic blood pressure that may potentiate long-term changes with 

regular practice (468).  

 Longitudinal and controlled investigations present mixed findings. Following an 8-week 

intervention where a heterogeneous group of middle-aged experienced and naïve practitioners 

completed between 2 and 7 sessions per week, mean arterial pressure tended to be reduced on the 

order of 4 mmHg. Although underpowered to draw conclusions from the data, the authors report 

substantial improvements in systolic blood pressure in heat stress-naïve individuals following the 

intervention (469). In a separate intention-to-treat intervention lasting 16 weeks, middle-aged 

individuals with a greater adherence to the experimental protocol of 3-5 Bikram Yoga sessions 

per week presented with significantly greater reductions in diastolic blood pressure than their 

less adherent counterparts (470). Conversely, investigations examining the effects of Bikram 
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yoga on measures of cardiovascular function and disease risk in young, healthy, sedentary 

individuals demonstrate no greater efficacy compared to a control group (471).  

 Hunter and colleagues have conducted the greatest number of investigations into the 

putative mechanisms by which Bikram Yoga can improve cardiovascular health. Following 8 

weeks of Bikram yoga, middle-aged and older adults demonstrated significantly improved 

endothelium-dependent dilation, assessed non-invasively using brachial artery flow-mediated 

dilation, compared to no improvement among young adults (472). However, subsequent 

investigations which included a thermoneutral (23°C) control condition that still involved 90 

minutes of hatha yoga report comparable improvements in endothelium-dependent dilation to 

the Bikram (40°C) group (473).  

 Further investigations of the benefits of hot yoga on macrovascular function have focused 

on arterial stiffness. Following 8 weeks of Bikram yoga, carotid artery compliance and beta-

stiffness index was significantly improved in young, but not middle-aged or older adults (474). 

Additional investigations have demonstrated that longitudinal Bikram yoga interventions can 

improve brachial-ankle pulse wave velocity in overweight and obese adults, irrespective of 

changes in blood pressure (475). Finally, limited investigations have demonstrated the efficacy 

of Bikram yoga for improving metabolic health. Hunter and colleagues report that 8 weeks of 3 

sessions per week of Bikram yoga can reduce area under the glucose curve during an oral 

glucose tolerance test in middle-aged obese adults, but not younger, lean individuals (476).  

 Collectively, these data demonstrate that regular physical activity in the form of hatha 

yoga can improve endothelium-dependent dilation, and that these results may be potentiated by 

the presence of hyperthermic conditions that are characteristic of Bikram yoga. As is such with 

interventions combining physical activity and heat stress, it can be challenging to elucidate 

whether exercise or heat stress is driving beneficial adaptations. Despite this, compared to 

thermoneutral control conditions, Bikram yoga elicits improvements in arterial stiffness, 

endothelial function, and in some cases blood pressure and metabolic health. Taken together, 

these results suggest that regular practice may evoke more favorable cardiovascular health and 

cardiovascular disease risk profiles.  
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Acute Hot Water Immersion 

 Hot water immersion, often in the form of a hot bath or commercially available hot tub, 

has recently emerged as a popular modality for research models of passive heat stress for 

cardiovascular health as well as heat acclimation. Due to the high thermal conductivity of water 

and high percentage of body surface area submerged, hot water immersion elicits substantial 

increases in core temperature and sweat rate, both requisite conditions for beneficial adaptations 

to repeated heat stress (477–480). Research has demonstrated that isolated limb as well as whole-

body hot water immersion is capable of eliciting acute and chronic beneficial physiological 

adaptations at the macro- and microvascular level. The data surrounding these studies is 

presented below.   

Brunt and colleagues report that acute hot water immersion protects against impaired 

brachial artery vascular function following 20 minutes of forearm ischemia as compared to a 

time-matched control (481), a finding that was supported in older individuals by Hemingway and 

colleagues (482). Additionally, hot water immersion preserved microvascular peak reactive 

hyperemia, suggesting preserved endothelial function (481). Lower limb immersion has also 

been demonstrated to be effective at maintaining macrovascular function following a simulated 

ischemia-reperfusion insult. Engalland and colleagues reports that, compared to a sham 

thermoneutral immersion, lower leg hot water immersion is protective against the damages of 

ischemia-reperfusion injury in the brachial artery (483). These findings are reminiscent of upper-

limb improvements in endothelial function following lower-limb exercise (297).  

 Akin to exercise, hot water immersion is capable of evoking responses across several 

organ systems. Leicht and colleagues have demonstrated that an acute bout of hot water 

immersion is capable of eliciting an increase in IL-6, IL-8, and IL-1ra (484). Similarly, Hoekstra 

and colleagues report a significant increase in IL-6 following acute hot water immersion in 

overweight and sedentary men (485). Transient increases in IL-6 are reported to increase anti-

inflammatory cytokines, which is suggested to be the mechanism through which chronic heat 

therapy reduces systemic inflammation.  

 Thomas and colleagues report that in older individuals with and without peripheral artery 

disease, systolic, diastolic, and mean arterial pressure are reduced following an acute 30-min 

bout of hot water immersion (11). Recent data demonstrates that the blood pressure response to 

an acute bout of hot water immersion is moderately correlated with the change in resting systolic 
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and diastolic blood pressure (486). The magnitude of this acute blood pressure response was 

greater than the exercising condition, which completed a high-intensity interval training (486). 

These results differ from those of Francisco and colleagues, who report similar magnitudes of 

reductions in blood pressure following exercise and hot water immersion (487). Notably, the 

individuals in the study by Francisco and colleagues were young, healthy individuals, while 

those studied by Roxburgh and colleagues were individuals with osteoarthritis and 

predominantly hypertensive (486).  

 

Combined Exercise and Heat Therapy  

 There are limited data examining the combined effects of exercise and sauna, either 

acutely or following training. Acutely, combined aerobic exercise and sauna has been reported to 

significantly decrease systolic blood pressure for up to 24 hours following the intervention, while 

diastolic blood pressure was decreased only immediately following (488). Additionally, there is 

limited data to suggest that with training, a combination of exercise and traditional sauna elicits 

significantly greater reductions in systolic blood pressure and total cholesterol, as well as 

increases in cardiorespiratory fitness, compared to either exercise or sauna alone (441). Finally, 

among adults with untreated hypertension, exercise followed by sauna elicited significant 

reductions in ambulatory systolic blood pressure, while sauna alone had no effect compared to a 

control condition (446).  

 

Chronic Hot Water Immersion 

Initial studies from Fox and colleagues demonstrate that chronic hot water immersion is 

capable of eliciting beneficial adaptations to sweat rate, blood flow, and core temperature when 

undertaken in a controlled laboratory setting (477, 480). These studies were primarily concerned 

with adaptation to repeated heat stress for physiological resilience, rather than improvements in 

cardiovascular health. More recently, and in an intervention aimed at improving cardiovascular 

health, Brunt and colleagues demonstrated that chronic hot water immersion can reduce mean 

arterial pressure in young, healthy, but otherwise sedentary adults compared to a thermoneutral 

control, in addition to robust improvements in cardiovascular health as assessed using multiple 

indices of cardiovascular function. (8). Brachial artery flow-mediated dilation, a measure of 

nitric-oxide-dependent endothelial function, was significantly improved relative to baseline as 
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well as the thermoneutral control following chronic hot water immersion. Lastly, individuals 

within the hot water immersion group demonstrated improved (i.e., reduced) aortic pulse wave 

velocity, a measure of arterial stiffness (8). These findings were later substantiated by Ely and 

colleagues, who quantified the effects of chronic hot water immersion on cardiometabolic health 

in women with polycystic ovary syndrome, a population characterized in part by autonomic 

dysfunction and cardiovascular disease risk factors, including high blood pressure (9). The 

authors report substantial reductions in systolic and diastolic blood pressure, as well as 

improvements in flow-mediated dilation and arterial stiffness in the hot water immersion group 

compared to the sham immersion group (9). These macrovascular improvements are mediated 

through cellular and molecular adaptations that are evident with heat therapy. Brunt and 

colleagues demonstrated improvements in microvascular function through nitric oxide-mediated 

mechanisms following 8 weeks of passive heat therapy (489). As described above, hypertension 

is characterized by reduced bioavailability of nitric oxide, and therefore interventions that can 

improve endogenous endothelial nitric oxide are critical for attenuating cardiovascular disease 

risk and progression. 

A particularly relevant study in furthering our understanding of the benefits of heat 

therapy in comparison with exercise training examines the role of supervised exercise training 

compared to passive heat therapy in individuals with peripheral arterial disease (10). Exercise is 

a primary lifestyle intervention for improving quality of life and reducing cardiovascular disease 

risk in this population, similar to recommendations for individuals with hypertension (490). 

Akerman and colleagues compared a traditional exercise intervention with chronic hot water 

immersion to determine which more effectively increased total walking distance, a key clinical 

outcome in individuals with peripheral arterial disease. The authors hypothesized that hot water 

immersion would elicit more robust hemodynamic and cardiovascular improvements than 

exercise, the functional result of which would be an improvement in walking distance compared 

to exercise training (10). Both exercise and heat therapy resulted in significant reductions in 

systolic, diastolic, and mean arterial pressure, but systolic blood pressure was reduced to a 

greater extent in the heat therapy group (10). These documented improvements in blood pressure 

bear particular importance for lifestyle modifications for improving cardiovascular disease risk. 

Many individuals are unable or unwilling to engage in traditional exercise training interventions. 
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Akerman and colleagues demonstrated greater adherence within the hot water immersion group 

(10).  

 

MECHANISMS OF IMPROVED CARDIOVASCULAR HEALTH FOLLOWING HEAT 

THERAPY 

 The associated benefits of heat therapy range across a spectrum of organ systems, 

including cardiovascular, cerebrovascular, and metabolic. There are several common 

mechanisms that underlie improvements in each of these organ systems, including expression of 

molecular chaperone heat shock proteins, reductions in oxidative stress and inflammation, 

improvements in vascular function, as well as improvements in autonomic function. The 

evidence for heat therapy-related improvements in each of these pathways is discussed below.  

 

Improvements in Cellular and Molecular Pathways 

 

Heat Shock Proteins  

Originally discovered in response to heat stress in drosophila cells (491, 492), heat shock 

proteins (HSPs) are highly conserved stress proteins and function as molecular chaperones, 

serving to help with protein folding or as cellular scaffolding (493). They are classified 

according to their molecular weight in kilodaltons, with the most studied isoforms being HSP70 

and HSP90. As the name suggests, these molecular chaperones are induced following heat stress. 

As such, HSPs may be induced during repeated heat therapy, by which this pre-conditioning 

protects against subsequent cellular insult (493). Importantly, there is a wealth of evidence to 

suggest that intracellular heat shock proteins increase following both heat acclimation as well as 

chronic heat therapy (494–501).  

 

HSP90 

 Heat Shock Protein 90 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 (502–504). HSP90 facilitates the dissociation of endothelial nitric oxide synthase 

from caveolin, initiating a cascade that results in nitric oxide production and release (502, 505). 

Beyond the endothelium, HSP90 also has a critical role in the regulation of other nitric oxide 
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synthase isoforms, such as neuronal nitric oxide synthase (506). The important interdependence 

of HSP90 and nitric oxide has been demonstrated across multiple vascular beds, including the 

cerebral (507), mesenteric (508), and pulmonary (509) circulations. 

HSP90 is essential for the proper folding of immature endothelial nitric oxide synthase 

(510), in addition to an central role in signal transduction cascades. Indeed, conformational 

changes to HSP90 reduce production of nitric oxide and result in greater superoxide production 

(502). Furthermore, the binding of endothelial nitric oxide synthase to HSP90 prevents the 

degradation of both proteins (511).  

 Despite the well-evidenced role of nitric oxide bioavailability for vascular health over the 

course of the lifespan, data supporting the efficacy of chronic heat stress on nitric oxide and its 

cofactors is lacking. Our current limited understanding comes in part from work from Brunt and 

colleagues. In response to a single bout of hot water immersion, protein abundance of HSP90 in 

peripheral blood mononuclear cells was significantly increased, although this increase was not 

maintained following 8 weeks of chronic hot water immersion (512). Endothelial tubule 

formation was significantly increased in cells cultured with serum from individuals after a single 

bout of hot water immersion as well as 8 weeks of heat therapy (512). Importantly, this tubule 

formation was prevented when cells were incubated with L-NNA, a nitric oxide synthase 

inhibitor, demonstrating that increased endothelial tubule formation is a nitric oxide-dependent 

phenomenon (512). Perhaps explaining this increase in tubule formation is a significantly 

increased concentration in endothelial nitric oxide synthase abundance in cells cultured with 

serum from individuals following 8 weeks of passive heat therapy (512).  

 

HSP70 

 Among the earliest studies to quantify the cytoprotective nature of HSP70 reported that 

an animal model of whole body hyperthermia induced HSP70 within cardiomyocytes, which in 

turn was correlated with improved muscle function, as well as reduced markers of muscle 

damage, following ischemia-reperfusion injury (513). This finding was subsequently supported 

through a series of studies reporting that heat stress is associated with an increase in HSP70 

mRNA (514), as well improved cardiomyocyte viability following ischemia reperfusion insult 

(515–517). Despite the evidence of protection to insult, some studies have reported that prior 

hyperthermia does not confer protection to ischemia-reperfusion injury (518–520). It is likely 
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that the protective effects of hyperthermia are explained by overlapping redundant mechanisms 

in response to a stressor as potent as ischemia reperfusion. Indeed, multiple studies have 

suggested that the concurrent upregulation of catalase or manganese superoxide dismutase, both 

potent antioxidative proteins, is obligatory for induced HSP70 to provide cytoprotection in 

response to ischemia reperfusion insult (514, 521, 522).  

 Initial work from Maloyan and colleagues demonstrated that heat acclimation resulted in 

a greater constitutive expression and concentration of HSP72 and more readily inducible HSP72 

gene transcription (523). These adaptations potentiate the response of the organism to a 

subsequent heat shock. Moreover, the resilience to subsequent heat stress is correlated with the 

length of heat acclimation (the authors compared the heat shock response after 1, 2, and 30 days 

of consecutive heat exposure) (523). Notably, following the greatest length heat acclimation, 

greater cumulative heat strain is required to induce a comparable or greater HSP72 response, 

indicating improved resilience (523). More recently and in humans, Cheng and colleagues 

examined the minimum 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 (524). While 

increases in extracellular HSP72 are not necessarily representative of intracellular concentrations 

of HSP72, this finding demonstrates support for the efficacy of passive heating for increasing 

concentrations of heat shock proteins, which are well-demonstrated cellular chaperones with 

potential to confer physiological benefits.  

There is a substantial amount of research examining the small heat shock proteins in 

response to heat stress in animal models, which is beyond the scope of this review. In an animal 

model, heat stress upregulated HSP27 and HSP70, the former of which is associated with 

attenuating vascular smooth muscle cell proliferation following vessel wall injury. HSP70 has 

also been shown to exhibit similar protective mechanisms against vascular smooth muscle cell 

hypertrophy induced by angiotensin II (525).   

 

Reductions in Oxidative Stress  

 There is compelling evidence of a strong interplay between inducible heat shock proteins 

and increased concentration of manganese superoxide dismutase, offering a putative link 

between heat therapy and increased resilience to superoxide and hydrogen peroxide. Data from 

Suzuki and colleagues report that the cellular chaperone HSP72 mediates an increase in 
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superoxide dismutase activity, which serves to scavenge free radicals and reactive oxygen 

species following ischemia-reperfusion injury (526). Additionally, in an animal model, both 

acute and chronic heat stress upregulate HSP70 and superoxide dismutase concentration. 

Ultimately, HSP27 and HPS70 have been shown to attenuate heat stressed-induced increases in 

reactive oxygen species (527, 528).  

 Despite compelling data from isolated cell culture and pre-clinical animal models of 

acute and chronic heat stress and their impact of reactive oxygen species, there is a dearth of 

evidence for the efficacy of chronic passive heat therapy on similar benefits in humans. Data 

from Brunt and colleagues provides insight into the putative mechanisms that mediate these 

improvements. Both 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 

oxidative stress relative to thermoneutral control cells (37°C) and culture with serum from 

individuals who did not participate in heat therapy (499). Furthermore, heat treatment and cell 

culture with serum from those that had completed heat therapy elicited lower concentrations of 

superoxide anions in response to hypoxia-reoxygenation insult (499). Heme oygenase-1, 

otherwise known as HSP32, plays a primary role in the regulation of vascular inflammation, 

protecting the vasculature from oxidative stress and inflammation (529). Brunt and colleagues 

demonstrated that heat pre-treatment, as well as cell culture with serum from individuals who 

have completed 8 weeks of heat therapy prevents the suppression of heme oxygenase-1 induction 

following hypoxia-reoxygenation insult (499). Lastly, HSP70 was increased in response to acute 

heating, both in isolated cell culture as well as in peripheral blood mononuclear cells from 

individuals undergoing heat therapy (499). Notably, this increase in HSP70 concentration in 

PBMCs is maintained following 8 weeks of chronic hot water immersion in young, healthy, 

individuals (499). Collectively, these beneficial acute and chronic responses to heat stress and 

heat therapy demonstrate strong benefits for improved vascular function and cellular resilience to 

stress with passive heating.  

 

Markers of Inflammation and Metabolism  

Hoekstra and colleagues examined the acute and chronic effects of hot water immersion 

on markers of inflammation and metabolism in overweight sedentary men, demonstrating that an 

acute bout of hot water immersion is capable of increasing plasma IL-6 concentrations (485). 
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The authors report no significant change in plasma IL-6 after chronic hot water immersion, but 

despite this there is potential for the acute change in IL-6 to act along a similar pathway to that 

recognized in exercise to stimulate anti-inflammatory pathways. Namely, 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 (530).  

 Improvements in metabolic and inflammatory profiles following chronic hot water 

immersion have been demonstrated across a diverse subject population, beginning with initial 

work from Hooper studying hot water immersion in adults with type II diabetes (531). Ely and 

colleagues examined the ameliorative effects of chronic hot water immersion on both metabolic 

and inflammatory profiles of women with Polycystic Ovary Syndrome. They report that serum 

IL-6 and tumor necrosis factor is reduced following chronic hot water immersion (494). 

Furthermore, IL-1β as well as IL-8, assessed in Stromal Vascular Fraction as measured via 

adipose biopsy, were reduced following heat therapy (494). In this same population, Ely and 

colleagues demonstrated a significant reduction in area under the curve for both glucose and 

insulin during an oral glucose tolerance test (494). Additionally, Hesketh and colleagues report 

that both heat therapy significantly improves whole-body insulin sensitivity (532), while 

Hoekstra and colleagues report significant reductions in fasting glucose and insulin following 

heat therapy (485). Collectively, these improvements in metabolic as well as inflammatory 

profiles support the therapeutic efficacy of hot water immersion as compared to exercise.  

 

Endothelin-1   

 Neff and colleagues report that 90 minutes of leg heating in individuals with peripheral 

artery disease is capable of acutely reducing circulating concentrations of endothelin-1 (533), a 

finding substantiated by Engelland and colleagues (534). Endothelin-1 represents the most 

abundant vasoconstrictor in the endothelium, therefore the ability of isolated limb heating to 

evoke transient reductions may partly explain the associated reductions in blood pressure 

following acute as well as chronic heating (535).  
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C-Reactive Protein  

 Released from the liver in response to inflammatory 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 utility in the initial stages of disease manifestation and 

progression (536, 537). Ely and colleagues report that in women with Polycystic Ovary 

Syndrome, 30 sessions of hot water immersion significantly reduced C-Reactive Protein, 

indicating reduced global inflammation (9).  

 Reductions in inflammation may mediate some of the reported benefits of life-long sauna 

use on cardiovascular and all-cause mortality as described in a series of papers from the Kuopio 

Ischemic Heart Disease Risk Factor Study (538, 539). Amongst the men included in the 

prospective cohort study, there was a significant inverse relationship between frequency of sauna 

bathing and measured C-Reactive Protein, a relationship that persisted after multivariate analysis 

accounting for age, body mass index, systolic blood pressure, smoking status, type 2 diabetes, 

history of myocardial infarction, and serum low-density lipoprotein (538).  

 

Improvements in Endothelial Function  

 

Shear Stress and Endothelial Function 

 Shear stress, or the frictional force exerted by blood on vessel walls, is central to several 

molecular cascades, such as the production of nitric oxide via endothelial nitric oxide synthase 

(540–542). Corson and colleagues were the first to demonstrate fluid shear stress-dependent 

phosphorylation of endothelial nitric oxide synthase (541), a finding that ultimately bears 

significant relevance on the intact circulation during physical stressors. Shear stress represents 

the principle physiological stimulus for beneficial vascular remodeling and improved endothelial 

function following exercise training, as well as isolated increases in shear (296, 543). Indeed, 

greater increases in antegrade shear stress elicited through different physiological stressors 

resulted in greater endothelial vasodilator function (295). To that end, when increases in blood 

flow and shear stress in response to a stimulus such as exercise or heat stress are attenuated, the 

attendant increases in microvascular and endothelial function are abolished (295, 544).  
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Shear Stress during Heat Stress 

Repeated increases in core temperature, such as those that are seen with chronic heat 

therapy, have been shown to elicit beneficial increases in conduit artery function, contingent 

upon vascular shear stress (545). Heat stress-induced increases in blood flow and shear stress are 

valid in scenarios of lower-limb heating (514) and isolated limb heating (515). Green and 

colleagues demonstrated that, akin to exercise training, intermittent increases in vascular shear 

stress are obligatory for improvements in microvascular vasodilatory function following forearm 

heating via hot water immersion (544). A follow-up study demonstrated that local forearm 

heating via hot water immersion elicited necessary increases in blood flow to evoke 

improvements in endothelial function, and that these adaptations are shear-stress dependent 

(546).  

In support of the notion that heat stress is a global cardiovascular stressor, lower body 

passive heating resulted in a significant increase in upper body conduit artery endothelial 

function, as determined through brachial artery flow-mediated dilation (524, 545). During 

isolated limb heating, Chiesa and colleagues demonstrated a reduction in retrograde and 

oscillatory shear in each of the 3 major arteries of the leg (547), which bears significant 

therapeutic benefit for endothelial health (31, 105, 107, 108). Furthermore, hot water immersion-

induced increases in peripheral artery shear stress are robust in both elderly and clinical 

populations (447).  

 

Comparisons of Shear Stress during Exercise and Hot Water Immersion  

Both exercise and heat stress have been reported to elicit increases in conduit artery shear 

stress (487, 548, 549). Thomas and colleagues demonstrated that compared with treadmill 

running, lower body hot water immersion elicits greater increases in total and antegrade 

superficial femoral artery shear, but only hot water immersion resulted in a decrease in mean 

arterial pressure (548). Francisco and colleagues demonstrated that both time-matched upright 

cycling and hot water immersion resulted in an increase in brachial and femoral artery shear 

stress up to 20 minutes following each intervention (487). Expectedly, upright cycling elicited a 

significant increase in superficial femoral artery antegrade shear stress for 60 minutes following 

cessation of exercise (487). Interestingly, hot water immersion resulted in a significant decrease 

in brachial artery retrograde shear for 60 minutes following exercise compared to both exercise 
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and baseline (487). Amin and colleagues also report significant increases in brachial and 

common femoral artery shear stress during passive hot water immersion (549). Amin and 

colleagues compared change in conduit artery shear during heating with two conditions of 

exercise: cardiac output- and heart rate-matched (to end heating values). Of these exercise 

intensities, only heart rate-matched elicited greater increases in both total and anterograde 

common femoral artery shear stress compared with passive hot water immersion (549). 

However, hot water immersion resulted in significantly greater brachial artery shear stress 

compared to both exercise intensities (549). Given the importance of conduit artery shear on 

potentiating endothelial and vascular adaptations following training (295, 296, 544), repeated 

bouts of hot water immersion undoubtedly confer cardiovascular benefits much the same as 

exercise training. These beneficial cardiovascular adaptations are due to shared commonalities 

between the two stressors, one of which is a marked rise in core temperature. Coombs and 

colleagues reduced the influence of shear stress via cuff inflation distal to the brachial artery 

during passive heating. Despite minimizing vascular shear stress, the authors did not abolish 

improvements in brachial artery Flow-mediated dilation, demonstrating that a rise in core and 

skin temperature during passive heating contributes to the vascular adaptations following heat 

stress (550).  

 

Improvements in Nitric Oxide Bioavailability Following Heat Therapy 

 The above data indicates that hypertension is characterized in part by endothelial 

dysfunction, mediated through increases in oxidative stress as well as impaired release of nitric 

oxide from vascular endothelial cells (551). There is convincing evidence that both exercise 

training and hot water immersion can improve endothelial health, mediated by improvements in 

nitric oxide bioavailability. The support for these conclusions following heat therapy comes from 

Brunt et al., who demonstrated that serum from individuals who have undergone acute as well as 

chronic passive heating elicits nitric oxide-mediated improvements in endothelial cell 

angiogenesis (512). Furthermore, endothelial nitric oxide synthase abundance was improved by 

culturing human umbilical vein endothelial cells with serum from individuals who have 

undergone 8 weeks of passive heat therapy, an improvement that is implicated in greater 

endothelial tubule formation (512).  
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Improvements in Arterial Stiffness 

 

Following Acute Heating 

 Changes in arterial stiffness, often assessed as Ankle-Brachial Pulse Index, Carotid-

Ankle Vascular Index, or pulse wave velocity, may reflect changes in blood pressure or vascular 

tone following an acute bout of heat stress (435). Variability in the method of assessment has led 

to mixed results within previous literature. Some have reported a decrease in arterial stiffness 

following heat stress (11, 443, 552), while others (553, 554) have not. Of note, despite no mean 

difference in arterial stiffness following heat stress, Ganio and colleagues reported that baseline 

pulse wave velocity is significantly correlated with the magnitude of reduction following heat 

stress (553), a finding that was subsequently confirmed by Schlader and colleagues (555). 

Following passive heating, but not exercise in either a hot or cool environment, or a 

thermoneutral control, Caldwell and colleagues reported a significant decrease in peripheral 

(radial/carotid) pulse wave velocity (556). It is possible that reductions in retrograde shear stress, 

as demonstrated by others (557), are permissive in an improvement in arterial compliance 

leading to a reduction in peripheral pulse wave velocity. Lastly, a single session of lower leg 

heating was demonstrated to significantly reduce lower limb (femoral-foot) arterial stiffness in 

young healthy individuals (524).  

   

Following Chronic Heat Therapy  

Chronic heat therapy in many forms is associated with an improvement in conduit artery 

vascular health, undoubtedly contributing to reduced blood pressure following heat therapy 

interventions. Following an 8-week course of Bikram Yoga, performed in a hot (40.5°C) room, 

younger adults demonstrated an increase in carotid artery compliance and a reduction in 𝛽-

stiffness index, while older adults did not (474). Follow-up investigations also failed to reduce 

arterial stiffness following a 12-week Bikram yoga intervention (558). Brunt and colleagues 

reported a significant decrease in carotid-femoral pulse wave velocity following 8 weeks of 

chronic heat therapy in young, sedentary, but otherwise healthy adults (8). Ely and colleagues 

report that common carotid and femoral wall thickness was significantly reduced following 30 

sessions of passive heat therapy in women with Polycystic Ovary Syndrome, accompanying a 

significant reduction in brachial-ankle pulse wave velocity (9). Others have found that chronic 
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hot water immersion resulted in reduced carotid intima-media thickness, but without changes to 

femoral artery intima thickness (8).  

 

Mechanisms of Improved Arterial Stiffness  

 Joannides and colleagues demonstrated that shear stress is directly related to arterial wall 

stiffness and compliance in vivo. Through blood flow occlusion and hand heating, the authors 

determined that a decrease and increase in shear stress is associated with an increase or a 

decrease in radial artery wall stiffness, respectively (559). Mechanistically, modulation of wall 

stiffness and vascular tone achieved via changes in shear stress during heating is mediated 

through the actions of nitric oxide, with contributions from endothelium-derived hyperpolarizing 

factor (560). Bellien and colleagues demonstrated that concurrent inhibition of nitric oxide 

synthase (via L-NMMA) and endothelium-derived hyperpolarizing factor (via TEA) impaired 

the decrease in wall stiffness and vascular smooth muscle tone in the radial artery during local 

hand heating (560). Others (561) have demonstrated a central role of nitric oxide in arterial 

compliance and pulse wave velocity, suggesting that a loss of nitric oxide, as is associated with 

the progression of cardiovascular disease, plays a central role in large artery stiffening and 

disease progression. Therefore, interventions such as heat therapy that improve the 

bioavailability of nitric oxide may also elicit attendant reductions in arterial stiffness. 

 

Implications For Improved Renal Function  

 Data from the Health ABC study reports that higher arterial pulse wave velocity is 

associated with rapid kidney function decline and incident chronic kidney disease (562). 

Importantly, this relationship was attenuated when adjusted for blood pressure, suggesting that 

interventions aimed at decreasing arterial stiffness and blood pressure would be beneficial for 

improved renal function (562). Indeed, in individuals with end-stage renal disease, higher arterial 

stiffness is associated with an increased risk of all-cause, but primarily cardiovascular mortality 

(131).  
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Improved Autonomic Function 

During acute passive heat stress, increases in sympathetic nervous system activity 

promote several cardiovascular and thermoregulatory adjustments that aid in the dissipation of 

heat. The threshold for these adjustments in humans is as low as a 0.3°C increase in core 

temperature (563, 564). Among the necessary components to these responses are sympathetically 

mediated increases in heart rate and cardiac output, reductions in blood flow to the splanchnic 

and renal vascular beds, and sympathetically-mediated cutaneous vasodilation and blood flow to 

promote sweating and heat loss (565–569). Akin to exercise, passive heating promotes a distinct 

recovery period which may be characterized in part by changes in sympathetic nervous systemic 

activity and autonomic modulation. Furthermore, it is possible that these acute changes in 

autonomic nervous system activity may inform reductions in resting sympathetic nervous system 

activity with heat therapy. Despite these compelling hypotheses, there is a dearth of evidence 

investigating alterations in autonomic function following chronic heating in a controlled 

laboratory setting. Ecologically, previous data suggests that muscle sympathetic nervous system 

activity is reduced in warmer summer months compared to winter months (570). Additionally, 

both short-term (14 days) and long-term (≥30 days) heat acclimation in rodents have 

demonstrated significant alterations in cardiac autonomic activity compared to pre-acclimation 

baseline measurements (571). The studies discussed below represent the limited but compelling 

data from controlled laboratory studies in humans demonstrating more favorable autonomic 

modulation following passive heat stress.  

 

Following Acute Heat Stress 

 Romero and colleagues demonstrated that a single bout of lower-leg heating elicited a 

significant reduction in blood pressure in older, but not younger, adults (572), ostensibly 

mediated through alterations in neural control of blood pressure or the local release of vasoactive 

substances, such as endothelin-1 (533). Utilizing muscle sympathetic nerve activity recordings, 

Engelland and colleagues demonstrated that following 45 minutes of lower leg heating, older 

adults presented with a significantly lower burst incidence compared to pre-heating baseline 

values, while younger adults were unchanged (534). Additionally, older adults presented with a 

significant (~7 mmHg) reduction in mean arterial pressure. Normally, this hypotension would be 

offset by increased sympathetic nerve activity, but following lower-leg heating there is clearly an 
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alteration to the neural control of blood pressure among older adults. Moreover, in both young 

and older adults, plasma endothelin-1 was significantly increased following heating (534). In 

older adults, despite an increase in endothelin-1, blood pressure remained reduced following 

lower leg heating, suggesting altered endothelin-1-mediated vasoconstriction in recovery from 

heat stress. Finally, the authors suggest that the alterations in neurovascular control of blood 

pressure in older adults following heating may be due in part to the increases in sympathetic 

nerve activity and blood pressure that occur with advancing age (534). Individuals with essential 

hypertension are often characterized by increased sympathetic activity relative to their 

normotensive peers (146), which suggests that passive heating offers therapeutic potential in this 

population.  

 Spectral analysis of heart rate variability offers a non-invasive estimate of cardiac 

autonomic modulation, which may offer some prognostic utility in the absence of techniques 

such as direct nerve recordings. Gayda and colleagues compared the ability of sauna alone with a 

combination of sauna and exercise training to impact cardiac autonomic modulation in adults 

with untreated hypertension. The authors report significant increases in low frequency heart rate 

variability and reductions in high frequency heart rate variability, ostensibly indicating an 

increase in sympathetic and a decrease in parasympathetic activity (347, 446, 573). Similarly, 

others have reported a significant increase in the LF/HF ratio following sauna with post-heating 

cold-water immersion among both healthy controls as well as individuals with coronary artery 

disease, suggesting increased cardiac sympathetic activity (574). Conversely, Laukkanen and 

colleagues report favorable autonomic modulation following a single sauna session, notably an 

increase in high frequency variability and a decrease in low frequency variability, in the 30 

minutes following recovery from sauna bathing (575). The authors suggest that these acute 

favorable modulations may underpin long-term cardiovascular changes following chronic sauna 

use.  

 

Following Chronic Heat Stress  

 Ely and colleagues investigated the potential cardiometabolic therapeutic benefits of heat 

therapy in women with polycystic ovary syndrome, a population characterized in part by 

autonomic dysfunction and impaired cardiovascular health (576–578).  Following just 5 weeks 

of chronic hot water immersion, Ely and colleagues report a ~40% reduction in muscle 



 

71 

 

 

sympathetic nerve activity burst incidence compared to pre-intervention values (9), a reduction 

that is comparable to 16 weeks of moderate-intensity exercise training or electroacupuncture in 

the same population (579). It is likely that this substantial reduction in burst incidence, which 

was maintained after the completion of all 30 sessions of hot water immersion, play a critical 

role in the significant reductions in systolic and diastolic blood pressure reported by Ely and 

colleagues (9). These data are compelling and suggest that heat therapy is capable of eliciting 

reductions in muscle sympathetic nervous activity among individuals with increased risk for 

cardiovascular disease, including hypertension.  

 While not the gold standard, heat acclimation protocols, either active or passive, may 

offer some utility for inferring the benefits of chronic heat stress on cardiac autonomic activity. 

Flouris and colleagues report significant increases in frequency domains associated with 

parasympathetic activity following 14 days of heat acclimation, but that these beneficial changes 

decay after 2 weeks to baseline levels without further heat exposure (580). Others report a 

significant increase in cardiac sympathetic activity, with modest increases in vagal tone 

following acclimation (581). Lastly, short-term passive heat acclimation has no impact on the 

changes in heart rate variability during a subsequent bout heat stress (582).  

 

Improved Cardiorespiratory Fitness 

 There is limited, yet compelling, evidence that passive heat therapy may be sufficient to 

induce improvements in cardiorespiratory fitness. Miyamoto and colleagues report that 4 weeks 

of daily sauna bathing among individuals with heart failure resulted in significant improvements 

in 6-minute walk test distance, as well as peak oxygen consumption (440). This finding has been 

subsequently replicated in young, healthy individuals, with reports of significant increases in 

maximal oxygen consumption following 8 weeks of chronic warm-water immersion, comparable 

to increases seen with exercise (583). Hesketh and colleagues report that passive heat therapy, 

completed as time spent in an environmental chamber at 40°C, can increase maximal oxygen 

consumption to the same degree as moderate intensity continuous exercise (532). Despite 

differences in modality, frequency, and duration, the above data suggest that passive heat therapy 

is capable of increasing cardiorespiratory fitness, an important correlate of all-cause mortality 

(584, 585).  
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Benefits of Heat Therapy on Alzheimer’s Disease Biomarkers:  

 Heat therapy in any form is in its infancy as a widely employed therapeutic modality for 

improving cardiovascular, metabolic, and cerebrovascular health. As such, there is limited data 

regarding the benefits of heat therapy specifically on improvements in cognitive function and 

brain health, although this is an exciting area of future research (270). The literature discussed 

below represent the published data investigating this area, comprised mostly of prospective 

cohort studies, with controlled laboratory investigations included where appropriate.  

A series of papers from Laukkanen and colleagues presenting data from the Finnish 

Kuopio Ischemic Heart Disease Risk Factor Study examine the relationship between heat 

therapy, aging, cardiovascular disease, and cognitive function (7, 267, 439, 538). The 

relationship between cardiovascular and cerebrovascular health is intimately linked, and as such 

it is unsurprising that improvements in cardiovascular function are permissive to improvements 

in cerebrovascular function. To that end, Laukkanen and colleagues demonstrated that increased 

frequency and duration of sauna use is associated with reduced hazard ratios of sudden cardiac 

death, fatal coronary heart disease, fatal cardiovascular disease, as well as all-cause mortality (7). 

The authors suggest several putative mechanisms accounting for these improvements, including 

improvements in endothelial function, left ventricular ejection fraction, and lower blood pressure 

following repeated sauna use (7).  

 A successive study from Laukkanen and colleagues demonstrated a strong inverse 

relationship between sauna bathing and incidence of Alzheimer’s Disease (267). The authors 

acknowledge that risk for AD is undoubtedly multifactorial, with contributions from aging, 

vascular and hemodynamic dysfunction, and inflammation. However, sauna bathing has been 

associated with improvements in cardiovascular disease risk and inflammation (393, 508, 556). 

Improvements in endothelial function and inflammation with heat therapy are undeniably linked, 

and regardless of origin, improvements in both contribute to reduced risk for Alzheimer’s 

Disease with advancing age. Additionally, greater frequency of sauna bathing is associated with 

reduced systemic inflammation (538, 539). While systemic inflammation has been implicated in 

multiple disease pathologies, it has a principal role in the development and progression of AD 

(586).  

 As noted above, sauna bathing is associated with decreased hazard ratios for sudden 

cardiac death, coronary heart disease, cardiovascular disease, all-cause mortality, and 
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Alzheimer’s disease (7, 267, 587). Hypertension represents a primary risk factor for adverse 

cardiovascular outcomes, and reductions in blood pressure with sauna bathing may underpin 

improvements in the above associated risk factors. Indeed, control of blood pressure to 

normotensive levels is fundamental in improving and maintaining low cardiovascular disease 

risk. Zaccardi and colleagues demonstrate that frequency of sauna bathing is associated with 

decreased risk of incident hypertension in the cohort of the Finnish Kuopio Ischemic Heart 

Disease Risk Factor Study (439). Therefore, the cardioprotective effects of sauna bathing may 

occur via reductions in blood pressure (399). 

 

Mechanisms of Heat Stress Mediated Improvements in AD Biomarkers  

Brain-derived neurotrophic factor has also been shown to increase in response to whole-

body passive heating, measured in both serum and plasma (588). In the previous study, both 

whole-body and lower-body passive heating were effective at increasing serum BDNF, possibly 

subsequent to significant increase in femoral artery shear rate during heating (588). S100𝛽, a 

marker of blood-brain barrier disruption, has been demonstrated to increase following exercise in 

an intensity- and duration-dependent fashion (589), which may be augmented following exercise 

in a warm environment (590). Collectively, these results suggest that a disruption to the blood-

brain barrier following exertion in a warm environment that may be permissive to increases in 

serum BDNF, although others have reported an increase in serum BDNF following passive 

heating without a concomitant increase in S100𝛽 (591). Still others have reported no significant 

increase in S100𝛽 following passive heating (592), further underscoring the importance of non-

cerebral contributions to circulating levels of BDNF following exertion (372).  

In a manner like that of exercise, it appears BDNF increases following passive heating in a dose-

dependent manner. Following just 20 minutes of acute hot water immersion, BDNF has been 

demonstrated to increase in healthy men (591). Furthermore, both short-duration (2 weeks) and 

medium-duration (10 week) passive heating interventions elicited significant increases in serum 

BDNF (593, 594). Exercise, as described above, has been shown to robustly increase BDNF, and 

exercise in hyperthermic conditions (30°C) has been shown to elicit significantly greater 

concentrations of BDNF compared to thermoneutral conditions (18°C) (595). Taken together, 

these data suggest that heat stress has the capability to increase BDNF above baseline levels, 

although perhaps not to the same extent as aerobic exercise. Despite this, when coupled with the 
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alleged vascular benefits of heat therapy, chronic passive heat stress may elicit comparable 

improvements in AD biomarker risk. Furthermore, heat therapy has been demonstrated to 

improve endothelial function. Carter and colleagues were among the first to demonstrate that 

repeated lower limb heating can elicit increases in conduit artery function, dependent on transient 

increases in vascular shear stress caused by heating (545). These data agree with many previous 

studies that have shown improved endothelial function following acute (255, 447, 493, 517, 518, 

541) and chronic (451, 457, 553) heat stress. To date, two studies that have used chronic hot 

water immersion for 8-10 weeks have reported significant reductions in arterial stiffness and 

carotid wall thickness (451, 457). While limited, these data compellingly suggest that heat 

therapy is capable of eliciting vascular improvements that offer protective benefits for the 

microvasculature. Finally, the hydrostatic effect of euthermic water immersion has been shown 

to increase cerebral blood flow velocity (596). It is possible that the thermoregulatory challenge 

of hot water immersion would further increase shear stress and induce beneficial adaptation 

integral to improved cerebrovascular health.   

 

CHRONIC HEAT THERAPY – STRENGTH OF THE EVIDENCE  

 A recent review and meta-analysis from Pizzey et al. examined the strength of evidence 

for improved health outcomes following chronic heat therapy across several modalities; data in 

this meta-analysis included both Waon therapy and hot water immersion (436). Using the 

Cochrane Risk of Bias 2 tool, studies were classified according to their risk of bias, either low, 

moderate, or high. The authors suggest that there is moderate-to-high risk of bias of overall 

results among all studies included, driven in large part with concerns over randomization 

practices and issues with adherence to the prescribed heat therapy intervention (436). 

Furthermore, the authors classified several outcome variables according to the certainty of 

evidence. In brief, high certainty suggests that future research is unlikely to alter the certainty of 

evidence, moderate certainty could possibly be influenced by future studies, while low certainty 

outcomes are highly likely to be influenced by future data collection. In the present meta-

analysis, systolic and diastolic blood pressure as well as resting heart rate were deemed to have 

moderate certainty of evidence, while mean arterial pressure and flow-mediated dilation were 

classified as low certainty of evidence (436). 
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 Interestingly, brachial artery flow-mediated dilation was identified as having low 

certainty of evidence. A consequence of the relatively few studies examining the health benefits 

of heat therapy is considerable heterogeneity in the populations that have been studied. In 

reference to brachial artery flow-mediated dilation, even marginal improvements are associated 

with reductions in the risk of cardiovascular events (90, 597), so while the certainty of this 

evidence may be low, there is promising upside to the improvements reported by previous 

authors (8, 9). 

 In summary, this review highlights the discordance in modality, number of sessions, 

session duration, and different populations as the primary reasons for limited certainty of 

evidence among certain outcome variables, further underscoring the need for additional studies 

to identify the ideal “dose” of heating for therapeutic benefits in healthy as well as diseased 

populations.  
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CHAPTER III 

EXPLANATION OF THE METHODOLOGY 

 

Overview of the Project 

The goal of this dissertation was to compare the efficacy of heat therapy with aerobic 

exercise training for lowering blood pressure in adults with untreated hypertension. Heat therapy, 

in the form of hot water immersion, has been shown to improve blood pressure and vascular 

function in healthy populations as well as those with risk factors for cardiovascular disease (8, 

9). Despite this, heat therapy has never been directly compared to the current gold standard for 

improving blood pressure, aerobic exercise, among adults with untreated hypertension. To 

investigate this question, we conducted a randomized controlled trial in 41 adults with untreated 

hypertension, but free from other cardiorespiratory or metabolic disease. Subjects were 

randomized to complete either 30 sessions of hot water immersion or aerobic exercise training 

over 8-10 weeks, completing 3-4 sessions per week. At baseline, after 15 sessions, and after 30 

sessions, participants completed 24-hour ambulatory blood pressure monitoring and urine 

collection and resting hemodynamic and vascular function testing. Pre- and post-intervention, all 

participants completed a cardiorespiratory fitness assessment as well as a battery of cognitive 

function testing. Lastly, in a subset of eligible participants, we also acquired magnetic resonance-

based imaging metrics of Alzheimer’s Disease risk. A figure depicting the protocol overview can 

be found below in Figure 3.1.  
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Human Participants  

 All protocols involving human subjects were approved by the Institutional Review Board 

at the University of Oregon (Protocol # 05042018.006). All subjects gave oral and written 

informed consent as set forth in the Declaration of Helsinki. The study was registered as a 

clinical trial on clinicaltrials.gov (Identifier: NCT03557502). The progression of subjects 

through the study is summarized on the following page. Inclusion criteria included individuals 

aged 35-60, systolic blood pressure between 120 and 180 mmHg, and diastolic blood pressure 

between 80 and 120 mmHg. Exclusion criteria included systolic blood pressure >180 mmHg or 

diastolic blood pressure >120 mmHg; chronic cardiorespiratory or metabolic disease other than 

hypertension; abnormal resting or exercise electrocardiogram; currently taking antihypertensive 

medication; BMI ≥ 35 kg/m2; fasting glucose ≥126 mg/dL; fasting hemoglobin A1c ≥7%; LDL 

≥160 mg/dL; high levels of physical activity assessed according to the International Physical 

Activity Questionnaire (IPAQ); persons who are pregnant, nursing, or currently trying to 

conceive, aged 34 years or younger, or 61 years and older. Anthropometric data for the 

individuals that participated in this research can be found below in Table 3.1.  

 

 Aerobic Exercise (EX) Hot Water Immersion (HWI) 

n  20 (7F) 21 (8F) 

Age (years) 49 ± 7 47 ± 7 

Body Mass (kg • m–2) 30 ± 3 30 ± 3 

Systolic Blood Pressure (mmHg)  134 ± 11 127 ± 9 

Diastolic Blood Pressure (mmHg) 89 ± 7 84 ± 10 

# Elevated  4 4 

# Stage 1 7 12 

# Stage 2 9 5 

Table 3.1. Subject Characteristics. Data are mean ± SD. 

 

Screening and Hypertension Classification 

All participants were screened by the Research Coordinator (Lindan Comrada) to ensure 

eligibility for their participation in this research. Interested individuals completed a pre-screening 

survey to determine their eligibility to participate in this research. A progression of subject 

involvement in this research can be found below in Figure 3.2.  
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Figure 3.2. Progression of research volunteer involvement.  

 

 Volunteers reported to the Bowerman Sports Science Center at Hayward Field for two 

separate days of screening. Blood pressure was assessed according to current American College 

of Cardiology and American Heart Association guidelines (3) which consisted of ≥2 readings on 

≥2 days, to prevent the mis-representation of blood pressure and the mis-diagnosis of 

hypertension that is common with a single clinic assessment of blood pressure (598, 599). On the 
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initial screening day, volunteers were fitted with an oscillometric blood pressure cuff on their 

upper arm (CARESCAPE Vital Sign Monitor V100, GE Healthcare, Chicago, IL, USA). Blood 

pressure was measured after 5 minutes of quiet rest in a seated position with legs uncrossed. 

After 1 minute, the cuff was switched to the opposite arm for an additional measurement of 

blood pressure. On a separate day, volunteers returned to lab for two additional measurements of 

blood pressure on whichever arm presented with a higher blood pressure on the initial screening 

visit. All four systolic and diastolic blood pressures, respectively, were averaged to determine 

mean systolic and mean diastolic blood pressure. Individuals were eligible to participate if their 

systolic or diastolic blood pressure was elevated, stage 1, or stage 2 hypertensive, according to 

the most recent 8th Joint National Committee Report on Prevention, Detection, Evaluation, and 

Treatment of High Blood Pressure. Specifically, qualifying blood pressure included systolic 

pressure between 120-180 mmHg and diastolic pressure between 80-120 mmHg. Additionally, 

point-of-care assessments of fasting glucose, hemoglobin A1c, and cholesterol were completed 

(Cholestech LDX Analyzer, Cholestech, San Diego, CA, USA). These point-of-care 

measurements were used to ensure that prospective participants did not present with type 2 

diabetes mellitus or dyslipidemia, as described by the parameters listed above in the exclusion 

criteria.    

During the initial screening visit, all participants conducted an MRI pre-screening form to 

assess their eligibility to participate in this supplemental arm of the protocol. Individuals were 

unable to participate in this secondary protocol if they presented with current psychiatric 

conditions, have ever been unconscious for more than 15 minutes, have had 3 or more losses of 

consciousness of 5 minutes or greater, have brain or spinal cord injuries, are unable to lie flat for 

≥60 minutes, have any artificial or metal devices implanted, have been exposed to loose metal 

shavings or scraps, or are left handed. Upon arrival to the Lewis Center for Neuroimaging, 

participants completed a second safety questionnaire to ensure adequate compliance with the 

necessary safety protocols prior to magnetic resonance imaging. All testing, including screening 

procedures, occurred at the Bowerman Sports Science Center at Hayward Field at the University 

of Oregon. Magnetic Resonance Imaging occurred at the Lewis Center for Neuroimaging at the 

University of Oregon. Prior to randomization, all participants completed baseline testing as 

depicted in Figure 3.1 and described below.  

 



 

80 

 

 

24h Data Collection 

 

24h Urine Collection  

At least 24 hours prior to the resting hemodynamic and vascular function testing, subjects 

arrived at the lab to receive instruction and materials for 24-hour urine collection. Upon arrival, 

participants were instructed to void their bladder. Subjects were then provided with two light-

resistant 3L containers to collect their urine for the following 24 hours. Upon return to the lab the 

following day, subjects were instructed to perform one final void into the 24h collection 

containers prior to investigators drawing a venous blood sample. 24h urine collection was 

initiated at the same time of day within each subject to account for diurnal fluctuations in urine 

concentration. 24h urine collection represents the gold-standard technique for assessing urine 

albumin excretion, although morning first-void samples may be used (600, 601). Thoroughly 

mixed 24h urine samples were aliquoted into cryogenic tubes and frozen at –80°C until later 

analysis of urinary biomarkers of interest, described below.  

 

24-Hour Ambulatory Blood Pressure  

Ambulatory blood pressure offers substantial prognostic value above blood pressure 

values acquired in clinic (217, 602–605). Furthermore, ambulatory blood pressure is capable of 

identifying individuals with white coat hypertension, which is to say those with normal blood 

pressure that rises during routine, in-clinic assessments of blood pressure (606, 607). Lastly, 

ambulatory blood pressure provides a more complete diagnostic profile of nighttime blood 

pressure. This is critical in identifying individuals at greater risk for cardiovascular events owing 

to their lack of a reduction (≤ 10% reduction from daytime values) in blood pressure during 

nighttime hours, termed “non-dippers” (608, 609). Non-dipping is prevalent in approximately 

35% of adults with essential untreated hypertension (610) and is associated with impaired 

endothelium-dependent dilation (611). At present, there is limited data examining the 

effectiveness of interventions such as hot water immersion for improving ambulatory and 

nocturnal blood pressure profiles in this population.  

 Subjects arrived at lab at least 24 hours prior to hemodynamic and vascular function 

testing to be fitted with the ambulatory blood pressure monitor. For measurements of ambulatory 

blood pressure, subjects were fitted with an oscillometric blood pressure cuff on the upper 



 

81 

 

 

portion of their non-dominant arm. The ambulatory blood pressure monitor (Oscar 2, SunTech 

Medical, Durham, NC, USA) was programmed to inflate and record blood pressure once every 

20 minutes during waking, and once every hour during sleeping. In the event of an unsuccessful 

blood pressure measurement, the Oscar 2 monitor initiates a second attempt 5 minutes following 

the first attempt to maximize the number of valid readings within the 24-hour recording period. 

Programmed awake and asleep times were noted and replicated during subsequent MID- and 

POST-testing visits. During 24-hour ambulatory blood pressure assessment, participants were 

asked to abstain from all over-the-counter vitamins, medications, and supplements; alcohol; 

caffeine; exercise and heat therapy; and prolonged time in a motorized vehicle.  

   

24-Hour Dietary Recall and Activity Log 

 Participants were instructed to complete a 24-hour dietary recall form. From this 

voluntary dietary recall, researchers were able to estimate 24-hour dietary sodium consumption. 

Participants were provided with a copy of their initial baseline dietary log at MID- and POST-

intervention testing and asked to replicate their diet as faithfully as possible. This was done in an 

effort to mitigate the effects of fluctuations in dietary sodium intake on blood pressure (612, 

613), as well as urinary albumin excretion (614, 615). Additionally, volunteers were asked to 

provide an hourly summary of their physical activity level during the ambulatory blood pressure 

measurement period.  

 

Venous Blood Sampling  

Venous blood was sampled using venipuncture following a minimum fast of 12 hours. 

Venous blood sampling occurred at the same time of day under identical conditions to account 

for circadian fluctuations in blood-borne biomarkers of interest. After disinfection, a 21g needle 

was inserted into a suitable vein in the antecubital space or dorsal hand. Blood was collected into 

serum separating vacutainers (BD Vacutainers SST #367988, Becton Dickinson, Franklin Lakes, 

NJ, USA) Ethylenediaminetetraacetic acid-treated (EDTA #366643) plasma vacutainers, and 

Sodium Fluoride-treated (NaF #367001) plasma vacutainers. EDTA and NaF plasma samples 

were processed, aliquoted, and frozen immediately, while serum samples were allowed to clot 

upright for 30 minutes prior to centrifugation. All samples were centrifuged at 4°C and 1300 
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RCF for 10 minutes. Samples were then aliquoted into cryogenic tubes and frozen at –80°C until 

later analysis. 

 

Hemodynamic and Vascular Testing  

Volunteers arrived at the lab having abstained from heavy exercise and heat therapy for 

48 hours; alcohol for 24 hours; over-the-counter vitamins, medications, and supplements; 

caffeine; and food for 12 hours. After obtaining a semi-nude height and weight, subjects were 

instrumented with 3-lead electrocardiogram for the assessment of heart rate and rhythm 

(CardioCap; Datex Ohmeda, Madison, WI, USA). Blood pressure was assessed via automated 

auscultation of the brachial artery using a cuff fitted on the upper left arm (Tango M2, SunTech 

Medical, Durham, NC, USA). Blood pressure was assessed following 20 minutes of quiet supine 

rest in conjunction with measures of resting cardiac output for the calculation of total peripheral 

resistance.  

 

Heart Rate Variability  

 Heart rate variability is a widely used and non-invasive index of autonomic modulation 

of heart rate. Following 20 minutes of quiet rest in a thermoneutral room (22-24°C), participants 

were instructed to breathe with a metronome at a frequency of 0.25 Hz, corresponding to 15 

breaths per minute. This frequency was selected to minimize potential confounding influence by 

spontaneous respiration. Respiratory sinus arrythmia, a central respiratory controlled/mediated 

phenomenon, is directly related to respiratory drive and influences cardiac sympathovagal 

activity at rest (616). Breathing frequency has been demonstrated to have profound effects on the 

measured power of cardiovagal rhythms; thus, paced breathing is recommended to improve the 

reliability and reproducibility of heart rate variability data (617–619).   

Heart rate and rhythm were collected for 8 minutes while subjects continued to breathe at 

the prescribed frequency. Electrocardiogram data were collected at a frequency of 250 Hz and 

digitized using Windaq Data Acquisition Software (DATAQ Instruments, Akron, OH, USA). 

Comparisons of 100 Hz and 500 Hz demonstrated significant differences in parameters of heart 

rate variability, but these differences were not found when comparing 200Hz with 500Hz (620).  

The utility of heart rate variability to reliably inform researchers about sympathovagal balance 

requires that the ECG waveform be edited such that it is free of ectopic beats and irregular 
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rhythms. Ectopic beats originate in locations other than the sinoatrial node and therefore are 

unable to inform researchers as to the relative influence of either sympathetic or parasympathetic 

innervation. ECG waveforms were processed by automated marking the peak of each R wave of 

electrocardiogram waveforms originating at the sinoatrial node, with visual inspection to ensure 

appropriate and accurate waveform identification.  

After each R wave was successfully marked, the initial and final 90 seconds of each 

recording were removed so that only the interim 5 minutes remained. A recording duration of 5 

minutes has been demonstrated to be the optimal duration for detection of high, low, and very 

low-frequency fluctuations on heart rate (621). Following, a time series data file of R-R interval 

duration was generated using Advanced CODAS Analysis Software (DATAQ Instruments, 

Akron, OH, USA). The time series data were then input into a custom LabView program for the 

analysis of frequency domain measures of heart rate variability (UO HRV_G1, University of 

Oregon, Eugene, OR, USA). Imported data were first interpolated to 4 Hz to obtain equidistant 

time intervals and then divided into five equal length overlapping segments of 256 samples each. 

Each segment was de-trended, Hanning-filtered, and fast-Fourier-transformed to derive a 

periodogram. The five periodograms were averaged to produce the spectrum estimate for the 

entire time series. For this procedure, the frequency resolution was 0.016 Hz. We defined the 

high or respiratory frequency band as 0.15-0.40 Hz, a range inclusive of all respiratory power, 

and the low frequency band as 0.04-0.15 Hz. Total power was reported as the band ≤ 0.40 Hz. 

Mathematically, very low frequency fluctuations (< 0.04 Hz) in heart rate variability are 

considered non-harmonic, and therefore do not contribute to the overall variability in recordings 

of such a short duration (621). To avoid erroneous interpretation of low- and high-frequency 

components of heart rate variability, very low-frequency power was excluded from this analysis. 

Data are presented and interpreted as absolute low- and high-frequency power, as well as total 

power.  

 

Arterial Blood Pressure  

 Arterial blood pressure was assessed in the supine position using automated auscultation 

of the brachial artery using a cuff fitted on the upper left arm (Tango M2, SunTech Medical, 

Durham, NC, USA). Each blood pressure was paired with an assessment of cardiac output, as 

described below. Blood pressure was assessed a minimum of three times via automated 
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auscultation. If subsequent values differed by ≥10 mmHg, blood pressure measurement was 

repeated after 1 minute until values agreed (e.g., ≤ 10 mmHg difference). Mean arterial pressure 

was used for the calculation of total peripheral resistance and systemic vascular conductance. 

The equations for mean arterial pressure and total peripheral resistance (Equation 2) are found 

below: 

 

Equation 3.1 Mean Arterial Pressure 

Diastolic Blood Pressure + 
(Systolic Blood Pressure-Diastolic Blood Pressure)

3
 

Equation 3.2 Total Peripheral Resistance  

Mean Arterial Pressure (mmHg)

Cardiac Output (L/min)
 

Cardiac Output  

 Resting cardiac output was assessed via the open circuit acetylene wash-in method, as 

described previously (487, 622, 623). Initially developed in 1975 (624), and subsequently 

modified in 1993 (625), this method allows for non-invasive determinations of cardiac output at 

rest and during exercise and has been validated against direct Fick measurements of cardiac 

output (626). Resting in a supine position, subjects were instructed to breathe with a metronome 

at a frequency of 0.25 Hz, or 15 breaths per minute, while fitted with nose clips to prevent mixed 

nasal and mouth breathing. During expiration, an automatic sliding valve transitioned the 

inspiratory port from room air to a customized lung diffusion blend, which subjects breathed for 

approximately 8-10 breaths. The lung diffusion gas blend consisted of 0.6% acetylene, 9% 

helium, 20.9% oxygen, and balance nitrogen. Acetylene readily diffuses into circulation, while 

helium is insoluble in blood; therefore, the disappearance rate of acetylene is proportional to 

pulmonary capillary blood volume, providing an estimate of cardiac output (627). Tidal volume 

was measured on a breath-by-breath basis using a pneumotachograph (model 4700, Hans 

Rudolph, Shawnee, KS, USA) connected to a two-way Y-shaped non-rebreathing valve (Series 

1420, Hans Rudolph, Shawnee, KS, USA). Tidal volume determinations were performed using 

the linearized method, as previously described (628). As all cardiac output measurement were 

conducted at rest, we utilized a pediatric pneumotachograph and two-way non-rebreathing valve 
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to minimize dead space, which measured 36mL. Breath-by-breath helium and acetylene were 

measured using a mass spectrometer (MGA 1100, MA Tech Services, St. Louis, MO, USA). 

Cardiac output calculations were performed using customized software (Beck Integrated 

Physiological Testing Systems, St. Paul, MN, USA) based on previously published methods 

(626). Using heart rate measured via electrocardiography during the period where inspired and 

expired gases are analyzed, stroke volume was calculated as cardiac output (L/min)/heart rate 

(beats/min) and presented as (mL/beat) (Equation 3.3) at all time points. 

 

Equation 3.3. Stroke Volume 

Stroke Volume (mL/beat) = 
Cardiac Output (

mL

min
)

Heart Rate (
beats

min
)

 

 

Pulse Wave Velocity  

Pulse wave velocity is a robust and reproducible measure of arterial stiffness, with strong 

predictive value for cardiovascular disease risk (132, 629, 630). Pulse wave velocity is often 

measured at the common carotid and femoral arteries, for both ease of measurement and 

prognostic utility for estimating aortic stiffness (131, 132, 631). In the present study, pulse wave 

velocity was measured using the SphygmoCor XCel system (AtCOR Medical, Naperville, IL, 

USA). Subjects rested in a supine position for >10 minutes without speaking, and having 

avoided prior caffeine, food, alcohol, and smoking for at least 3 hours, as set forth in 

recommended guidelines (632). Subjects were fitted with a blood pressure cuff on their upper 

left arm. Brachial blood pressure was assessed in duplicate via the oscillometric method prior to 

initial measurement of pulse wave velocity. Following the measurement of brachial blood 

pressure, subjects were fitted with an inflatable cuff on the upper portion of their ipsilateral leg. 

The inflatable cuff on the ipsilateral leg produces a femoral artery pulse waveform using air 

displacement. 

Prior to determination of pulse wave velocity, anatomical measures were taken by two 

researchers. Researchers measured the distance from the location of the carotid tonometer to the 

sternal notch, from the sternal notch to the top of the femoral artery cuff, from the location of the 

strongest femoral pulse to the top of the femoral artery cuff, and lastly from the location of the 
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carotid tonometer to the top of the femoral artery cuff. Assessments of pulse wave velocity were 

completed until two values were recorded that were within 0.3 m/s.  

 The SphygmoCor XCel device calculates carotid-femoral pulse wave velocity according 

to the estimated distance the pulse wave travels divided by the duration between the foot of the 

pulse wave of the carotid pulse waveform and the foot of the femoral pulse waveform. Equation 

4 describes the calculation of carotid-femoral pulse wave velocity using the SphygmoCor XCel 

system.  

 

Equation 3.4 Carotid-Femoral Pulse Wave Velocity  

 Carotid-Femoral PWV = 
𝑑𝑠𝑓𝐶−𝑑𝑠𝑐−𝑑𝑓𝑇𝑓𝐶

𝑡𝑡𝑐𝑓𝐶−𝑘1−𝑘2∗ 𝑑𝑓𝑇𝑓𝐶
 

 

dsfC represents the distance from the suprasternal notch to the top of the femoral cuff. dsc 

represents the distance from the location of the carotid tonometer to the suprasternal notch. dfTfC 

represents the distance from the location of the strongest femoral pulse to the top of the femoral 

cuff. TtcfC represents the time difference between the foot of the carotid artery waveform, 

generated using the carotid artery applanation tonometer, and the foot of the femoral artery 

waveform, generated using the inflatable cuff placed on the upper leg. K1 is a time constant to 

adjust for the delay from when air is displaced by the femoral pulse until when the waveform is 

transmitted to the pressure transducer, compared to the carotid waveform in which the transducer 

is placed directly against the skin. K2 represents the time constant proportional to the distance 

from the location of the strongest femoral pulse to the top of the femoral artery cuff. K2 accounts 

for discrepancies in the rate of stiffening with age between the femoral artery and the aorta (633).  

The SphygmoCor XCel system has been validated against traditional measurements of 

carotid-femoral pulse wave velocity, wherein two applanation tonometers are applied 

sequentially on the carotid and femoral arteries, respectively (634). The SphygmoCor XCel 

system has been used in clinical populations as well, including individuals with hypertension 

(635), kidney disease (636), diabetes (637), and coronary artery disease (638, 639). While the 

device was not used for this purpose during this investigation, the SphygmoCor XCel system is 

the only device validated by the Food and Drug Administration for non-invasive assessment of 

central aortic pressure waveforms, demonstrating clinical relevance.  
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Cardiorespiratory Fitness Assessment 

Cardiorespiratory fitness was assessed using an incremental ramp test to exhaustion 

performed on a stationary bike (Lode Excalibur Sport, Lode BV, Groningen, Netherlands). 

Whole body oxygen uptake was assessed at baseline prior to randomization and following all 30 

sessions of exercise training or heat therapy.  

Prior to instrumentation, participants provided a partially nude bodyweight. Participants 

were instrumented with a heart rate monitor (Polar Electro Inc., Lake Success, NY, USA), a two-

way non-re-breathing T-valve to allow for the inspiration of room air and the collection of 

expired air (Series 2700, Hans Rudolph, Shawnee, KS, USA), and nose clips. Expired air was 

collected in a mixing chamber for fractional analysis of expired concentrations of O2 

(paramagnetic) and CO2 (infrared) at 15s intervals (TrueOne 2400, ParvoMedics, Sandy, UT, 

USA).  

Following instrumentation, subjects rested quietly for 2 minutes while seated on the 

stationary cycle ergometer on which the test was performed. Subjects began exercise with a 4-

minute warm-up at a resistance of 30 watts at a self-selected cadence. Ramp rate was either 15, 

20, 25, or 30 watts per minute, depending on subject age, sex, and current fitness, with the goal 

of eliciting volitional exhaustion in 8-12 minutes. Incremental work rate was subsequently 

replicated at the post-intervention assessment of peak oxygen consumption. Work rate was 

increased according to the defined ramp protocol until the participant reached volitional fatigue. 

Criteria for ending the test included: rating of perceived exertion 17-20 on the Borg Scale (640), 

achievement of age-predicted maximum heart rate (220-age), respiratory exchange ratio ≥1.1, a 

plateau in oxygen consumption despite increasing work rate, and cadence ≤60 revolutions per 

minute for ≥10 seconds despite strong verbal encouragement. An acceptable figure constituting a 

plateau in oxygen consumption is 2.1 ml/kg/min with increasing work rate (641), although this 

increase is debated by some (642), as it may be influenced by sampling interval of VO2 (643, 

644). Following volitional fatigue and cessation of cycling, subjects completed a cool-down for 

10 minutes prior to a supramaximal validation of peak oxygen consumption. In brief, participants 

pedaled at ≥ 60 rpm until volitional fatigue at a constant work rate corresponding to 110% of 

peak ramp power, to ensure no further increases in peak oxygen consumption at a greater work 

rate than that which elicited a plateau in oxygen consumption (642). Following supramaximal 

verification, participants completed a second cool down. Peak oxygen consumption was 
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measured as the highest 30s average oxygen consumption from either the initial ramp protocol, 

or the supramaximal verification bout, whichever was greater. Maximal heart rate was 

determined as the highest heart rate achieved during either the initial ramp protocol or the 

supramaximal verification bout. This value was then used to calculate heart rate reserve 

percentages for exercise training sessions.  

 

Intervention Overview  

Regardless of group, our intervention included 3-4 sessions per week for a total of 8-10 

weeks. Owing to scheduling constraints, illness, and unanticipated travel, multiple individuals 

required more than 8-10 weeks to complete all 30 sessions. This study was designed as intention-

to-treat, wherein all individuals who are randomized and undertook treatment are included in the 

analysis regardless of the duration of their involvement. This contrasts with a per-protocol 

design, where only those with strict protocol adherence are included in the final analysis. 

Fortunately, despite an occasionally protracted duration, all individuals bar one in each group 

(who each completed 27/30 sessions), completed all 30 sessions of their prescribed intervention.  

 

Hot Water Immersion   

 The aim of the hot water immersion protocol was to elicit repeated increases in core 

temperature, a requisite response for adaptation to heat stress (477, 479, 480). Hot water 

immersion elicits a similar or greater rise in core temperature than moderate-intensity dynamic 

exercise, owing to its unique thermoregulatory challenges (i.e., reduced effectiveness of sweating 

under water) (645). The cardiovascular, thermoregulatory, and molecular responses to elevated 

core temperature, such as increases in cardiac output, vascular shear stress, sweat rate, and heat 

shock protein expression, have been identified as mediators of the beneficial adaptations 

following heat therapy (434, 435, 478, 545). The protocol utilized in this dissertation was 

designed based upon previous research within our laboratory reporting significant improvements 

in micro- and macrovascular function in healthy individuals as well as women with polycystic 

ovary syndrome following chronic hot water immersion (8, 9, 489). Lastly, the duration of hot 

water immersion was time-matched to the duration of the aerobic exercise intervention, 

described below.  
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Upon arrival at lab, individuals in the hot water immersion group provided a urine sample 

for the assessment of urine specific gravity to ensure adequate hydration prior to immersion. If 

urine specific gravity was ≥1.024, subjects were instructed to drink 5 mL of water/kg of body 

weight prior to immersion. After providing a urine sample, subjects provided a dry nude 

bodyweight prior to changing into suitable clothing for hot water immersion. Subjects were 

instrumented with a heart rate monitor (Polar Electro Inc., Lake Success, NY, USA) prior to 

immersion.  

During hot water immersion, subjects were immersed to the level of the sternum in a 

40.5°C water bath. Upon achieving a core temperature of 38.5°C, a fan was turned on, although 

subjects remained immersed. Previous research has demonstrated that core temperature in the 

range of 38.0-38.5°C is obligatory for the increased expression of heat shock proteins, cellular 

mediators of the benefits of heat therapy (434, 479), as well as thermoregulatory adaptations to 

heat stress (479, 480). While immersed, water was provided ad libitum. Immersion lasted 45 

minutes, with a 5-minute recovery period outside of the hot tub. As this duration is shorter than 

previous research that reports beneficial adaptations following heat therapy, participants 

remained immersed once core temperature reached 38.5°C, rather than move to a more partially 

immersed position as was done in some prior studies (8, 9). A representative core temperature 

tracing can be found in Figure 3.3.  

After the 5-minute seated recovery following immersion, subjects toweled dry and 

provided a second dry nude body weight. If body weight loss via sweat was not compensated via 

water intake such that body weight loss was <1%, additional fluids were provided prior to 

subjects leaving the lab. For the first 5 and 30th sessions, individuals in the hot water immersion 

were provided with an ingestible core temperature pill (HQ Inc., Palmetto, FL, USA). Subjects 

were asked to ingest the pill at least 6 hours prior to arriving at lab. Core temperature was 

measured at baseline and every 5 minutes during immersion and recovery. 
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Aerobic Exercise Training  

The target duration of exercise sessions was selected to meet the 150 minutes/week of 

moderate-intensity aerobic exercise per guidelines from the American College of Sports 

Medicine. All exercise training sessions were conducted on commercially available stationary 

bikes (Precor UBK 635, Woodinville, WA, USA). Individuals in the exercise group were 

instrumented with a heart rate monitor (Polar Electro Inc., Lake Success, NY, USA) prior to 

exercise. Subjects completed a 5-minute warm-up at 30% of heart rate reserve, calculated 

according to the Karvonen Method in Equation 3.5 (646).   

Equation 3.5 Heart Rate Reserve 

%HRR (Maximum Heart Rate – Resting Heart Rate) + Resting Heart Rate  

Following the 5-minute warm-up at 30% of heart rate reserve, subjects completed 40 minutes at 

60% of heart rate reserve, followed by a 5-minute cool-down at 30% of heart rate reserve. Water 

was provided during exercise ad libitum. Prior to the first and last exercise sessions, subjects in 

the exercise group were provided with an ingestible core temperature pill (HQ Inc., Palmetto, 

FL, USA) for non-invasive measurement of core temperature. Subjects were asked to ingest the 
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pill at least 6 hours prior to arriving at lab. For comparison purposes, a representative tracing of 

core temperature during aerobic exercise is included below in Figure 3.4.  

 

Post-Exercise and Post-Heating Hypotension  

Passive heating evokes a distinct recovery period, similar to aerobic exercise. At present, 

there is compelling evidence that the blood pressure response to an acute bout of exercise may 

predict the blood pressure response to chronic exercise training (647–650). Furthermore, recent 

data from our laboratory suggests that hot water immersion elicits a reduction in mean arterial 

pressure that is comparable to aerobic exercise in young, healthy individuals (487). Taken 

together, it is possible that the blood pressure response to a single bout of passive heating among 

adults with untreated hypertension may predict the blood pressure response to chronic passive 

heating. To investigate this potential relationship, we measured the blood pressure response to a 

single bout of aerobic exercise or hot water immersion in stress-naïve participants.  

 Subjects were instructed to avoid all over-the-counter vitamins, medications, and 

supplements for >12 hours; heavy exercise and heat therapy for >12 hours; caffeine for >6 hours; 

alcohol for >12 hours; and food for >2 hours prior to arrival at lab.  After ensuring adequate 

hydration status as described above and changing into clothing for either exercise or hot water 

immersion, subjects were instrumented with 3-lead electrocardiogram for the measurement of 

heart rate and rhythm (CardioCap; Datex Ohmeda, Madison, WI, USA), as well as an 
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auscultatory blood pressure cuff fitted on the upper left arm (Tango M2, SunTech Medical, 

Durham, NC, USA). Following 20 minutes of quiet supine rest in a temperature-controlled room 

(22-24°C), blood pressure, heart rate, and core temperature were measured in triplicate, each 

separated by ≥1 minute. Following these measurements, subjects completed either 50 minutes of 

exercise, or 45 minutes of hot water immersion with a 5-minute recovery. Immediately 

following, subjects returned to a supine position and were instrumented with 3-lead 

electrocardiogram and a blood pressure cuff on their upper left arm. Blood pressure, heart rate, 

and core temperature were measured every 5 minutes thereafter for 60 minutes to determine the 

blood pressure response to an acute bout of either exercise or hot water immersion in adults with 

untreated hypertension. We determined the mean reduction in blood pressure as well as the area 

under the curve of blood pressure for post-intervention values vs. pre-intervention values to 

further describe the predictive value of the magnitude of post-exercise and post-heating 

hypotension.  

 

Biochemical Blood and Urine Analysis 

Urine Albumin. 24-hour urine albumin excretion was quantified via colorimetric assay 

(Human Albumin ELISA kit, ab108788, abcam, Waltham, MA, USA) using samples from a 

mixed aliquot of 24-hour urine sample. Samples were diluted 400-fold to ensure optimal assay 

performance against recombinant urine albumin standards. Urine albumin excretion at high 

concentrations is correlated with cardiovascular and well as chronic kidney disease (173–175). 

Microalbuminuria, defined as a range 30-300mg of albumin excreted in urine during a 24h 

collection period, is associated with high blood pressure as well as the risk for future 

cardiovascular disease progression (176–178). However, urine albumin excretion as low as 

5mg/24h is associated with increased risk of developing hypertension and cardiovascular disease 

(180–182). 

Urine Creatinine. 24-hour urine creatinine excretion was quantified via enzyme-linked 

immunosorbent assay (catalog no. KGE005, R&D systems, Minneapolis, MN, USA) using 

samples from a mixed aliquot of 24-hour urine sample. The gold-standard assessment of urine 

albumin excretion is performed using a 24h urine collection; however, urine creatinine excretion 

is often used clinically to normalize single-void or limited time-frame urine collections (651, 

652). 
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Serum Creatinine. Serum creatinine was quantified via colorimetric assay (Item no. 

700460, Cayman Chemical, Ann Arbor, MI, USA). Serum creatinine concentration was used to 

calculate estimated glomerular filtration rate using the chronic kidney disease-epidemiological 

equation without adjustment for race, which has been suggested to have greater prognostic utility 

(151, 653). Despite its widespread use clinically, serum creatinine-based calculations of 

estimated glomerular filtration rate (Equations 3.6a and 3.6b) are not without their limitations. 

Serum creatinine is influenced by renal tubular creatinine secretion (147) as well as patient lean 

body mass (152), which often results in erroneous calculations of estimated glomerular filtration 

rate.  

Equation 3.6a. Estimated Glomerular Filtration Rate when Serum Creatinine >0.905 mg/dL 

eGFRcr = 142 x (Scr/κ)-1.200 x 0.9938Age x 1.012 [if female] 

Equation 3.6b. Estimated Glomerular Filtration Rate when Serum Creatinine <0.905 mg/dL 

eGFRcr = 142 x (Scr/κ)α x 0.9938Age x 1.012 [if female] 

where Scr is serum creatinine concentration, and α is a constant that accounts for biological sex 

(0.9 for biological male, 0.7 for biological female).  

Serum Cystatin C. Serum Cystatin C was quantified via enzyme-linked immunosorbent 

assay (R&D Systems, catalog # DSCTC0, Minneapolis MN, USA). Serum samples were diluted 

30-fold to ensure optimal assay performance against recombinant cystatin C standards. Serum 

Cystatin C was used in the calculation of estimated glomerular filtration rate at all time points. 

Serum Cystatin C can be used to estimate glomerular filtration rate, as described below in 

Equations 3.7a and 3.7b (151). Compared to serum creatinine, serum cystatin C is more linearly 

related to declining kidney function and incident chronic kidney disease (153, 155, 156).  

 

Equation 3.7a. Estimated Glomerular Filtration Rate when Cystatin C <0.8 mg/L 

133 x (Scys/0.8, 1)-0.499 x 0.996Age x 0.932 [if female] 
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Equation 3.7b. Estimated Glomerular Filtration Rate when Cystatin C >0.8 mg/L 

133 x (Scys/0.8, 1)-1.328 x 0.996Age x 0.932 [if female] 

 

Serum Brain-Derived Neurotrophic Factor. Serum Brain-Derived Neurotrophic Factor 

was quantified via enzyme-linked immunosorbent assay (Biosensis catalog # BEK-2211, 

Thebarton, Australia). Samples were diluted 100-fold to ensure optimal assay performance 

against recombinant human BDNF standards. Serum BDNF is a significant mediator of reduced 

hippocampal volume and poor memory performance in mid- and late-life, even when account for 

age-related declines in hippocampal volume and cognitive function (654). Lower hippocampal 

volume is intimately related to incident dementia in later life (655), and is significantly 

correlated with worse memory function assessments (656).  

Endothelin-1. Endothelin-1 was quantified using enzyme-linked immunosorbent assay of 

EDTA-treated plasma samples (R&D Systems, Catalog #: DET100, Minneapolis, MN, USA). 

Endothelin-1 has been identified as a contributor to increased oxidative stress and endothelial 

dysfunction (54), mediating the development and progression of hypertension (76–78). 

Furthermore, endothelin-1 may play a causal role in increased arterial stiffness, which is 

associated with worse target organ damage (e.g., brain and kidneys) (85, 86).  

Interleukin-6. Interleukin-6 was quantified using a high-sensitivity enzyme-linked 

immunosorbent assay (R&D Systems, catalog #: HS600C, Minneapolis, MN, USA). IL-6 is a 

pro-inflammatory cytokine that has been identified as a potential mediator of inflammatory 

dysregulation that may underlie essential hypertension (657). Transient and repeated increases in 

IL-6 may be responsible for decreases in chronic inflammation that have been reported with heat 

therapy (485, 494).  

C-Reactive Protein. C-Reactive Protein was quantified using an enzyme-linked 

immunosorbent assay (R&D Systems, catalog # DCRP00B, Minneapolis, MN, USA). EDTA-

treated plasma samples were diluted 100-fold to ensure optimal assay performance against 

recombinant CRP standards, according to manufacturer instructions. CRP offers diagnostic value 

for predicting future cardiovascular event risk (536, 537), and has been suggested as an 

independent risk factor for essential hypertension (70).  
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Cognitive Function Testing 

 Cognitive function was assessed at baseline and after completion of all 30 sessions using 

the freely available NIH toolbox. This cognitive function battery has been implemented in a wide 

variety of investigations and was designed to create a standard assessment of cognitive function 

across differing populations (658). Of particular interest were working memory and episodic 

memory, assessed using a list sorting task and a picture sequence task, respectively. Both 

working memory (659–661) and episodic memory assessments (662–664) have been validated 

for use in adults as well as across the lifespan.  

 At baseline, all participants completed the mini mental state examination (MMSE). The 

MMSE was initially conceived as a rudimentary assessment of cognitive function, with an 

emphasis on identifying mild-to-moderate cognitive impairment (665). The MMSE can be 

influenced by factors such as age (666), language (667), education (668), socioeconomic status 

(669), among others. While the MMSE is not the most complete assessment of mild-to-moderate 

cognitive decline (670), it offers the ability for a rudimentary assessment of cognitive function 

(671–673).  

Finally, all participants completed the Pittsburgh Sleep Quality Index (PSQI) at baseline 

and after the intervention. Previous data has indicated that poor sleep quality, quantified using 

the Pittsburgh Sleep Quality Index, is an independent predictor of hypertension (674–676). 

Indeed, a higher PSQI score, indicating worse sleep, was associated with over a two-fold higher 

risk for hypertension compared to those with higher quality sleep (675). Poor sleep quality, 

particularly in midlife, is associated with worse episodic memory task performance as well as 

increased risk for cognitive decline in later life (677, 678).  

 

Magnetic Resonance Imaging  

In a subset of eligible participants, a series of magnetic resonance imaging metrics were 

acquired to quantify Alzheimer's disease and related dementia risk factors. For the present study, 

we conducted a scan sequence lasting approximately 1 hour. All scans were conducted at the 

Lewis Center for Neuroimaging at the University of Oregon using a 3T MRI machine using a 

Siemens 32-channel head coil with optimized sequences (Siemens Skyra, Erlangen, Germany). 

Prior to entering the scanning facility, participants changed into clothing free of ferrous metals.  
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High-resolution (1.0 x 1.0 x 1.0 mm) T1-weighted brain images were acquired using a 

3D magnetization-prepared rapid gradient echo imaging protocol (679), TR/TE/TI = 

2500ms/3.43ms/1100ms, FOV= 256mm, matrix size = 256x256, with 176 contiguous slices in 

ascending fashion. Furthermore, T2 sagittal turbo spin echo images (1.0 x 1.0 x 1.0 mm isotropic 

voxel resolution) were acquired with 192 slices per slab in ascending fashion. To assess white 

matter hyperintensities, we employed Fluid Attenuated Inversion Recovery in the axial plane, 

TR/TI/TE = 9000ms/113ms/2500ms, 1.0mm x 1.0mm x 2.5mm resolution, parallel imaging with 

a flip angle of 120°. Diffusion imaging was conducted in 4 runs, lasting 5 minutes each, TR/TE/ 

= 3222ms/89.2ms, 1.5mm isotropic voxels with whole brain coverage (92 contiguous slices), 

FOV = 210mm, with optimal directions at each b-values based on previously published literature 

(680). Arterial spin labelling was acquired using simultaneous multi-slice 2D echo-planar 

imaging for high spatial resolution whole-brain pseudo-continuous arterial spin labelling 

(pcASL) imaging. Images were acquired with 2.5mm in-plane resolution with 60 2.27mm thick 

slices with a 10% slice gap, and 5 post labelling delays (PLDs: 0.2, 0.7, 1.2, 1.7, 2.2). 

Hippocampal volume was assessed using T2- oblique coronal turbo spin echo imaging with 

0.39mm x 0.39mm x 2.0 mm voxel resolution, TR/TE = 13520ms/88ms, echo train length = 

15ms, bandwidth = 222Hz/pixel, echo spacing = 11.1ms, FOV = 220mm, 65 slices, with a flip 

angle = 150°. Hippocampal volume was segmented and corrected for total intracranial volume 

for comparisons before and following each intervention.  

 

Magnetic Resonance Image Analysis  

Functional magnetic resonance image BOLD was analyzed using a modified paradigm of 

the Human Connectome Project – Aging consortium (681), with anterior-to-posterior phase 

encoding. White matter hyperintensities were assessed using Schelten’s Scale applied to T2 and 

FLAIR images (682, 683). From this, whole-brain white matter scores were calculated, and log 

transformed for subsequent analyses. Arterial spin labelling was analyzed according to the most 

recently released system parameters of the Human Connectome Project – Aging (681). To most 

accurately account for changes in arterial transit time documented with aging (684), multiband 

echo planar imaging was used in conjunction with 5 post-label delays. Anatomical images were 

pre-processed using Free Surfer (7.4.1., Harvard University, Cambridge, MA, USA). DICOM 

files corresponding to each post-label delay were converted to NIfTI and merged prior to 
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analysis using BASIL (Bayesian Inference for Arterial Spin Labelling; v.6.0.1, University of 

Oxford, Oxford, UK). BASIL allows researchers to quantify resting gray and white matter 

perfusion, with corrections for bolus duration, post-label delay, and partial volume correction. 

Using anatomical calibration images, we analyzed merged NIfTI files for mean gray matter and 

white matter perfusion, mean arrival time in gray matter and white matter, as well as the 

perfusion calibrated values for both gray and white matter. Lastly, volumetric segmentation of 

the hippocampus and estimates of total intracranial volume were performed using FreeSurfer 

(7.4.1., Harvard University, Cambridge, MA, USA). Hippocampal volume was normalized to 

estimated total intracranial volume for pre- to post-intervention and between-subjects 

comparisons. 

 

Statistical Analysis   

 Subject characteristics throughout are presented as means ± SD and were compared using 

an unpaired two-tailed Student’s t-test. Primary outcome variables for each specific aim were 

analyzed using linear mixed-effects models, completed in collaboration with a biostatistician 

from Oregon Health & Science University. The linear mixed-effects models included group and 

timepoint main effects with an interaction effect to determine changes over time within groups. 

Random effects were included to account for correlation of measurements within patients. Mixed 

effect models were performed using the lme4 package (v1.1-33). All analyses were performed in 

R (v4.3.0) with an alpha of 0.05 used to determine significance. Secondary outcome variables for 

each specific aim were analyzed using a two-way repeated-measures analysis of variance with 

main effects of group and time. In the event of a significant main effect, multiple comparisons 

were completed using the Sidak analysis. Significance was accepted as p<0.05. Secondary 

outcome variable statistical analysis was completed in GraphPad Prism 10.1.0 (GraphPad, 

Dotmatics, San Diego, CA, USA). 
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CHAPTER IV 

KIDNEY FUNCTION AND AMBULATORY BLOOD PRESSURE 

 

INTRODUCTION 

 The kidney plays a central role in long-term blood pressure regulation, through 

coordination of fluid volume and electrolyte balance, as well as hormonal axes such as the renin-

angiotensin-aldosterone system. As a low-resistance, high-flow organ, the kidney is highly 

susceptible to damage from high blood pressure, which may be exacerbated by common vascular 

complications of cardiovascular disease, such as increased arterial stiffness (192, 194). Impaired 

renal function is intricately linked to poor cardiovascular health, as well as increased mortality 

among individuals with hypertension (191, 685).   

 Albumin, an abundant protein found in blood, is commonly measured in the urine to 

estimate glomerular damage. Elevated arterial blood pressure causes damage to the basement 

membrane of the glomerulus, the filtration unit of the nephron within the kidney, allowing 

increased albumin excretion in urine (686, 687). Individuals with essential hypertension 

consistently present with greater urine albumin excretion than their normotensive peers (688–

691). Elevated urine albumin excretion is also significantly associated with the development of 

hypertension in normotensive individuals (174). The predictive relationship between albumin 

excretion and risk of hypertension is evident at values as low at 5mg/24h, well below the clinical 

cut-off for macroalbuminuria, 300 mg/24h (174). Clinically, 24h urine albumin:creatinine ratio 

offers the strongest predictive value for the development of future hypertension among adults 

with elevated blood pressure according to the most recent JNC8 guidelines (692). The 

relationship between reduced blood pressure and reduced urine albumin excretion has been 

demonstrated using pharmacological intervention to lower blood pressure (693, 694), but not 

through lifestyle interventions. Among populations with overt impairments in kidney function, 

reductions in urine albumin excretion are associated with improvements in renal function as 

assessed by estimated glomerular filtration rate (695). Taken together, these data suggest that 

interventions capable of reducing urine albumin excretion carry long-term cardiovascular and 

renal benefits. Causally related to albumin excretion, glomerular endothelial dysfunction and the 

subsequent renal impairment is a precursor to the development of essential hypertension (185, 
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186). Reductions in blood pressure and improvements in endothelial function may protect the 

glomerulus from damage that precipitates a decline in function and renal compromise (165, 168).  

 Aerobic exercise training has been demonstrated to improve endothelial function in 

young healthy (301) and pre-hypertensive (305) individuals, as well as individuals with 

cardiovascular disease (306, 307, 696). Heat therapy has emerged in recent years as a potential 

alternative to exercise training for improving endothelial health, mediated by intermittent 

increases in vascular shear stress, similar to exercise (8, 9, 434, 435). Secondarily, or perhaps 

synergistically, with these improvements in endothelial function is an improvement in blood 

pressure. Regular physical activity is well-documented and recommended for its cardiovascular 

health benefits (5). Heat therapy in the form of chronic hot water immersion has been reported to 

have similar benefits across healthy populations, as well as those characterized by elevated risk 

for cardiovascular disease (8–10). Through improvements in endothelial function and blood 

pressure, both interventions carry secondary benefits for kidney function, although this has not 

yet been explored among individuals with untreated essential hypertension.   

 Ambulatory blood pressure offers a more complete blood pressure profile than traditional 

in-office blood pressure measurements and is better correlated with cardiovascular disease risk 

(217, 602, 603, 697, 698). Ambulatory blood pressure measurements allow researchers to 

identify individuals with white coat hypertension, meaning elevated in-clinic blood pressure but 

otherwise normal blood pressure during daily living, as well as masked hypertension, or 

apparently normal blood pressure that is revealed to be elevated or high when measured out of 

the clinic. Furthermore, a complete 24-hour blood pressure profile allows researchers to identify 

the presence or absence of a nocturnal fall in blood pressure. A ≥10% decrease in blood pressure 

qualifies an individual as a “dipper”, referring to the nocturnal decrease in blood pressure, while 

a reduction of <10% qualifies an individual as a “non-dipper”, referring to the absence of a 

nocturnal decrease in blood pressure. Among individuals with renal impairment and chronic 

kidney disease, nighttime systolic blood pressure is significantly correlated with cardiovascular 

disease risk, compared to no predictive value for clinic blood pressure (699).  

 The purpose of this study was to examine the effect of 30 sessions of either aerobic 

exercise training or hot water immersion on 24h ambulatory blood pressure, urine albumin 

excretion, and estimated glomerular filtration rate among adults with untreated hypertension. We 

hypothesized that heat therapy would be more effective than exercise training for improving 
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ambulatory blood pressure as well as reducing urine albumin excretion and increasing estimated 

glomerular filtration rate.  

 

METHODS  

Participants. Before participation, each volunteer gave written informed consent as set 

forth in the Declaration of Helsinki. All protocols were approved by the Institutional Review 

Board of the University of Oregon. This trial was registered on clinicaltrials.gov 

(NCT03557502). The data presented here represents a subset of data from the parent clinical trial 

examining the efficacy of hot water immersion versus aerobic exercise training for improving 

blood pressure in adults with untreated hypertension. Elements of the protocol have been 

abbreviated for conciseness.  

 Inclusion criteria included individuals aged 35-60, systolic blood pressure between 120 

and 180 mmHg, and diastolic blood pressure between 80 and 120 mmHg. Exclusion criteria 

included systolic blood pressure greater than 180 mmHg or diastolic blood pressure greater than 

120 mmHg; chronic cardiorespiratory or metabolic disease other than hypertension; abnormal 

resting or exercise electrocardiogram; currently taking antihypertensive medication; BMI ≥35 

kg/m2; fasting glucose ≥126 mg/dL; fasting hemoglobin A1c ≥7%; LDL ≥160 mg/dL; high 

levels of physical activity assessed according to the International Physical Activity Questionnaire 

(IPAQ); persons who are pregnant, nursing, or currently trying to conceive, aged 34 years or 

younger, or 61 years and older. Participant characteristics including age, sex, body mass index, 

and baseline systolic and diastolic blood pressure can be found in Table 4.1.  

 

 Aerobic Exercise (EX) Hot Water Immersion (HWI) 

n  20 (7F) 21 (8F) 

Age (years) 49 ± 7 47 ± 7 

Body Mass (kg • m–2) 30 ± 3 30 ± 3 

Systolic Blood Pressure (mmHg)  134 ± 11 127 ± 9 

Diastolic Blood Pressure (mmHg) 89 ± 7 84 ± 10 

Table 4.1. Subject characteristics. Data are means ± SD.  

 

24-hour Ambulatory Blood Pressure. Participants completed 24-hour ambulatory blood 

pressure measurements at baseline (PRE), after completion of 15 sessions (MID), and after 
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completion of all 30 sessions (POST). 2 individuals performed post-intervention testing after 

completing only 27 sessions (1 EX and 1 HT). Participants arrived at lab and were fitted with an 

oscillometric blood pressure cuff attached to an ambulatory blood pressure monitor (Oscar2, 

SunTech Medical, Morrisville, NC, USA). The cuff was programmed to inflate every 20 minutes 

during self-reported waking hours and every 60 minutes during self-reported sleeping hours. 

Waking and sleeping times were replicated at MID and POST within each participant. During 

24-hour ambulatory blood pressure assessments, subjects were instructed to avoid all over-the-

counter vitamins, medications, and supplements; alcohol; caffeine; exercise and heat therapy; 

and prolonged time in a motorized vehicle. Participants were also instructed to complete an 

hourly log where they self-reported activity. Lastly, participants completed a dietary recall form 

for the 24-hour period of data collection. Dietary recall was completed to ensure that dietary 

sodium consumption did not differ between conditions.  

Ambulatory blood pressure data is presented as 24-hour total for both systolic and 

diastolic blood pressure, as well as mean daytime (self-reported waking hours) and nighttime 

(self-reported sleeping hours) systolic and diastolic blood pressure. 24-hour total systolic and 

diastolic pressure were averaged such that daytime and nighttime values were weighted equally 

despite a disparity in measurement period (20min vs 60min). Percent reduction in nocturnal 

blood pressure (e.g., “dipper” vs. “non-dipper”) was calculated as the percent reduction in blood 

pressure during self-reported sleeping hours compared to self-reported waking hours.  

24h Urine Collection. Participants performed gold-standard 24-hour urine collection for 

the determination of 24-hour urine albumin excretion. Participants reported to lab at the same 

time of day for PRE, MID and POST-intervention testing. After a forced void that was not 

collected, participants were instructed to collect all urine in light-protected 3000mL containers 

for the following 24 hours. Upon return to lab the following day, participants were asked to force 

a final void into the 24-hour collection container. Researchers measured total urine volume as 

well as urine specific gravity (Atago master manual urine refractometer, ATAGO CO. LTD., 

Tokyo, Japan). Mixed aliquots from the 24-hour collection container were frozen in cryogenic 

tubes at –80°C until analysis.  

 To ensure that there was no undue influence of dietary sodium on kidney biomarkers of 

interest, we instructed participants to complete a 24h dietary recall form during the pre-

intervention 24h urine collection. Subjects were provided with a copy of this dietary log and 
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asked to replicate their food and beverage consumption as faithfully as possible during mid- and 

post-intervention data collection.  

Venous Blood Sampling. We obtained a venous serum sample via venipuncture and 

centrifugation. A fasted blood draw was performed from a suitable antecubital or dorsal hand 

vein into a serum separating vacutainer with a clot activator (BD Vacutainer, Becton Dickinson, 

Franklin Lakes, NJ, USA). Blood samples were allowed to clot upright at room temperature for 

30 minutes. Samples were then centrifuged at 4°C and 1300 RCF for 10 minutes. The serum was 

then aliquoted into cryogenic tubes and frozen at –80°C until later analysis.  

Intervention. Following screening and consent to participate in research, subjects 

completed baseline 24-hour urine collection. Subjects returned to lab for a fasted blood draw, as 

well as resting measurements of blood pressure. 24h data collection at the mid- and post-

intervention time points was completed at least 24 hours following the end of the 15th and 30th 

exercise or hot water immersion session, respectively.  

Randomization. Following completion of pre-intervention 24h ambulatory blood pressure 

assessment and 24h urine collection, volunteers were randomized using a computer-generated 

block randomization module in REDCap (REDCap, Vanderbilt University, Nashville, TN, 

USA). Blocks consisted of 4 participants, counter-balanced for biological sex and age.  

Exercise Training. Participants randomized into the exercise training group completed 30 

sessions of aerobic exercise training on a stationary bike in a temperature-controlled room (22-

24°C). Participants completed a 5-minute warm-up at 30% of heart rate reserve (HRR), 40 

minutes at target intensity of 60% HRR, followed by a 5-minute cool down at 30% HRR. During 

exercise, heart rate was monitored via telemetry (Polar Team Pro, Polar Electro, Lake Success, 

NY) and workload was recorded every 5 minutes.  

Heat Therapy. Participants randomized into heat therapy completed 30 sessions of hot 

water immersion to mid-sternum in 40°C water for 45 minutes with a 5-minute seated recovery 

period no longer immersed. During hot water immersion, heart rate monitored via telemetry and 

was recorded every 5 minutes using a commercially available heart rate monitor (Polar Electro 

Inc., Lake Success, NY, USA).  

Biochemical Analysis. We assessed serum cystatin C, 24-hour urine creatinine excretion, 

and 24-hour urine albumin excretion in duplicate for all subjects at PRE, MID, and POST-

intervention. In limited collection windows, (e.g., 6-, 12-, or 18-hour urine collection) urine 
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creatinine is used to normalize urine albumin excretion, although 24h urine albumin:creatinine 

ratio carries significant prognostic utility (651, 700). 24-hour urine creatinine excretion was 

assessed via enzyme-linked immunosorbent assay (catalog no. KGE005, R&D systems, 

Minneapolis, MN, USA). 24-hour urine albumin excretion was quantified via colorimetric assay 

(Human Albumin ELISA kit, ab108788, Abcam, Waltham, MA, USA). Serum cystatin C was 

quantified via commercially available ELISA (Quantikine Catalog # DCSTC0, R&D systems, 

Minneapolis, MN, USA).  

To predict potential changes in ambulatory blood pressure and kidney function, we 

measured several relevant biomarkers of oxidative stress and inflammation, including 

Endothelin-1, C-Reactive Protein, and IL-6. Endothelin-1 was analyzed in EDTA-treated plasma 

using a commercially available ELISA (R&D Systems, Catalog # DET100, Minneapolis, MN, 

USA). C-Reactive Protein was measured in EDTA-treated plasma using a commercially 

available ELISA (R&D Systems, Catalog # DCRP00B, Minneapolis, MN, USA). IL-6 was 

quantified using a high-sensitivity commercially available ELISA (R&D Systems, Catalog # 

HS600C, Minneapolis, MN, USA).  

 Estimated glomerular filtration rate was calculated using the CKD-EPI equation without 

adjustment for race, utilizing serum Cystatin C (151, 653). Calculation of eGFR using serum 

cystatin C has been shown to more faithfully represent glomerular filtration rate, and has less 

potential confounders than serum creatinine (153, 701). The CKD-EPI formula for eGFR can be 

found below in Equations 4.1a and 4.1b.  

 

Equation 4.1a. Estimated Glomerular Filtration Rate when Cystatin C <0.8 mg/L 

133 x (Scys/0.8, 1)-0.499 x 0.996Age x 0.932 [if female] 

 

Equation 4.1b. Estimated Glomerular Filtration Rate when Cystatin C >0.8 mg/L 

133 x (Scys/0.8, 1)-1.328 x 0.996Age x 0.932 [if female] 

 

Statistical Analysis. Participant characteristics were analyzed using an unpaired, two-

tailed Student’s t-test and are presented as means ± SD. Primary outcome variables, ambulatory 

blood pressure and biomarkers of oxidative stress and inflammation, were analyzed using linear 

mixed-effects model with group and timepoint main effects and an interaction effect to 
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determine changes over time within groups. These analyses were completed in collaboration 

with biostatisticians from Oregon Health & Science University. Prior to inclusion in analyses, 

measures of inflammation and oxidative stress, IL-6, CRP, ET-1, and urine albumin, had 

observations below or above the limit of detection replaced with assay limits of detection and 

were log2 transformed for normalcy. Mixed effect models were performed using the lme4 

package (v1.1-33). All analyses were performed in R (v4.3.0) with an alpha of 0.05 used to 

determine significance. Secondary outcome variables, including percent change in blood 

pressure during nighttime, estimated glomerular filtration rate, and urinary albumin:creatinine 

ratio, are presented as the mean difference from PRE to POST with 95% CI. Secondary outcome 

variables were analyzed using a two-way repeated measures analysis of variance with main 

effects of group and time. In the event of a significant main effect, post-hoc testing was 

conducted using the Sidak analysis for multiple comparisons. Statistical analysis was performed 

in GraphPad Prism 10.1.0 (GraphPad, Dotmatics, San Diego, CA, USA). Significance was 

accepted as p<0.05.  

 

RESULTS  

 Participant anthropometric and demographic data are presented in Table 4.1. Primary 

outcome variables are presented as mean of the difference from PRE to POST with 95% CI in 

the text. Secondary outcome variables are presented as the mean of the difference from PRE to 

POST with 95% CI, with the associated p-value from statistical comparison. Mean data for all 

outcome variable for both groups at all time points can be found in Tables 4.4 and 4.6.  

 

24-hour Ambulatory Blood Pressure. Neither 24-hour total ambulatory SBP was changed 

following either exercise training (0 [-4, 5]) or hot water immersion (0, [-5, 4]), nor was 24-hour 

DBP changed following either exercise (1 [-3, 5]) or hot water immersion (0 [-4, 3]). Statistical 

analysis of 24h SBP and DBP can be found in table 4.2. Daytime ambulatory SBP was not 

changed following either exercise (0 [-6, 6]) or hot water immersion (-1 [-6, 5]). Statistical 

analysis of daytime SBP and DBP can be found in table 4.3. Likewise, daytime ambulatory DBP 

was not different following exercise training (0 [-4, 5]) or hot water immersion (-1 [-5, 3]). 

Nighttime ambulatory SBP was not impacted by either exercise training (4 [-2, 10]) or hot water 

immersion (2 [-5, 9]). Similarly, nighttime ambulatory diastolic blood pressure was not different 
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following exercise training (3 [-1, 7]) or hot water immersion (1 [-3, 5]). Statistical analysis of 

nighttime SBP and DBP can be found in table 4.4. Graphical representation of all ambulatory BP 

data can be found in figure 4.1. Percent reduction in ambulatory SBP and DBP during nighttime 

was not impacted by either exercise (2 [-2, 7], p=0.44) or heat therapy (2 [-2, 6], p=0.45) (Figure 

4.2.). Mean [95% CI] for all variables associated with ambulatory blood pressure can be found in 

table 4.5. 

 

 
Figure 4.1. Group and individual data for dot and violin plots for Ambulatory Blood Pressure. 1 missing 

observation for EX PRE, 2 missing observations for EX MID, and 1 missing observation for EX POST. 

 

 Systolic Blood Pressure Diastolic Blood Pressure 

Fixed Effect* Estimate (95% CI) P value** Estimate (95% CI) P value** 

24H Ambulatory 

Intercept 138.80 (133.37, 144.23) - 85.33 (81.26, 89.14) - 

Heat Intervention -4.90 (-12.48, 2.69) .10 -3.72 (-9.24, 1.788) .09 

Timepoint 

interim 

post 

 

0.76 (-2.36, 3.88) 

0.85 (-2.21, 3.91) 

.84  

0.77 (-1.33, 2.87) 

1.05 (-1.01, 3.11) 

.82 

Interaction 

Heat:interim 
Heat:post 

 

-2.19 (-6.50, 2.13) 
-1.14 (-5.41, 3.14) 

.61  

-1.44 (-4.34, 1.47) 
-1.24 (-4.12, 1.64) 

.57 

Table 4.2. Results of linear mixed-effect model analysis of 24h total ambulatory blood pressure for EX and HT.  

 



 

106 

 

 

Table 4.3. Results of linear mixed-effect model analysis of daytime ambulatory blood pressure for EX and HT 

 

Table 4.4. Results of linear mixed-effect model analysis of nighttime ambulatory blood pressure for EX and HT 

 

 
 
 
 
 

 Systolic Blood Pressure Diastolic Blood Pressure 

Fixed Effect* Estimate (95% CI) P value** Estimate (95% CI) P value** 

Daytime 

Intercept 144.15 (138.93, 149.37) - 89.70 (85.78, 93.61) - 

Heat Intervention -3.29 (-10.58, 4.00) .15 -2.56 (-8.03, 2.91) .17 

Timepoint 

interim 

post 

 

1.46 (-1.91, 4.84) 

0.25 (-3.06, 3.56) 

.89  

1.01 (-1.47, 3.49) 

0.40 (-2.03, 2.83) 

.98 

Interaction 

Heat:interim 

Heat:post 

 

-3.89 (-8.56, 0.78) 

-1.20 (-5.83, 3.43) 

.25  

-2.11 (-5.54, 1.33) 

-1.11 (-4.51, 2.28) 

.48 

 Systolic Blood Pressure Diastolic Blood Pressure 

Fixed Effect* Estimate (95% CI) P value** Estimate (95% CI) P value** 

Nighttime 

Intercept 127.68 (121.18, 134.18) - 76.21 (71.63, 80.80) - 

Heat Intervention -5.91 (-14.97, 3.13) .11 -4.74 (-11.12, 1.64) .08 

Timepoint 

interim 

post 

 

0.58 (-3.97, 5.13) 

3.52 (-0.95, 7.99) 

.13  

0.34 (-2.56, 3.26) 

2.89 (0.03, 5.74) 

.10 

Interaction 

Heat:interim 

Heat:post 

 

-1.01 (-7.25, 5.24) 

-1.47 (-7.66, 4.71) 

.89  

-0.01 (-4.01, 3.98) 

-1.69 (-5.65, 2.26) 

.62 
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Table 4.5. 24h total, awake, and asleep ambulatory blood pressure data for both groups at all time points. 

Also shown are % change from daytime to nighttime for both ambulatory systolic and diastolic blood 

pressure for both groups at all time points. Data are presented as means with [95% CI]. 1 missing 

observation from EX PRE, 2 missing observations from EX MID, and 1 missing observation from EX 

POST.  
 

 

 

 

Variable Group PRE MID POST 

24h Total SBP 

(mmHg) 

EX 
139 

[133, 145] 

139 

[133, 146] 

140 

[134, 146] 

HT 
134 

[128, 140] 

132 

[127, 138] 

133 

[128, 140] 

24h Total DBP 

(mmHg) 

EX 
85 

[81, 89] 

86 

[81, 90] 

86 

[82, 90] 

HT 
81 

[77, 86] 

81 

[76, 85] 

81 

[76, 86] 

Awake SBP 

(mmHg) 

EX 
145 

[139, 150] 

146 

[139, 152] 

145 

[139, 151] 

HT 
141 

[136, 146] 

138 

[133, 143] 

140 

[134, 146] 

Awake DBP 

(mmHg) 

EX 
90 

[85, 94] 

91 

[87, 95] 

90 

[86, 94] 

HT 
87 

[83, 91] 

86 

[82, 90] 

86 

[82, 91] 

Asleep SBP 

(mmHg) 

EX 
128 

[122, 134] 

128 

[120, 135] 

131 

[124, 138] 

HT 
122 

[114, 129] 

121 

[115, 128] 

124 

[117, 131] 

Asleep DBP 

(mmHg) 

EX 
76 

[72, 80] 

76 

[71, 82] 

79 

[74, 84] 

HT 
71 

[66, 77] 

72 

[67, 77] 

73 

[68, 77] 

% Change 

Daytime to 

Nighttime 

aSBP 

EX 
-12 

[-14, -9] 

-13 

[-15, -10] 

-9 

[-12, -6] 

HT 
-14 

[-17, -10] 

-12 

[-15, -10] 

-12  

[-15, -9] 

% Change 

Daytime to 

Nighttime 

aDBP 

EX 
-15 

[-18, -13] 

-16 

[-20, -12] 

-12 

[-15, -9] 

HT 
-18 

[-22, -14] 

-18 

[-20, -13] 

-16 

[-19, -12] 
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Biomarkers of Inflammation and Oxidative Stress 

 Biomarkers of inflammation and oxidative stress including interleukin-6, C-Reactive 

Protein, Endothelin-1 were log transformed for normality and subsequently analyzed. 

Interleukin-6 was not impacted by either aerobic exercise training (-0.24 pg/mL [-1.86, 1.34]; 

p=0.97) or heat therapy (-0.47 [-1.22, 0.28]; p=0.31). C-Reactive Protein was not impacted by 

either exercise training (-0.15 mg/L [-0.63, 0.33]: p=0.79) or heat therapy (-0.26 [-1.06, 0.55]; 

p=0.80). Endothelin-1 was not reduced following either exercise (0.02 pg/mL [-0.33, 0.38]: 

p=0.99) or heat therapy (-0.07 [-0.34, 0.25]; p=0.94). biomarkers of inflammation and oxidative 

stress are graphically represented in figure 4.3. Results of the linear-mixed effects model analysis 

of these data can be found in table 4.6.  

 

 

Figure 4.3. Group and individual data dot and violin plots for biomarkers of inflammation, oxidative stress, 

and glomerular damage. Missing data points were interpolated as equivalent to either the high or low 

standard of the respective assay.  
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Fixed Effect* IL-6, log2 
(95% CI) 

CRP, log2 
(95% CI) 

ET-1, log2 
(95% CI) 

uAlb, log2  
(95% CI) 

Intercept 0.28 (-0.28, 0.83) -0.42 (-1.12, 0.37) 0.29 (0.01, 0.57) 3.15 (2.54, 3.75) 

Heat Intervention 0.64 (-0.13, 1.41) 0.52 (-0.56, 1.60) 0.03 (-0.35, 0.41) -0.24 (-0.35, 0.41) 

Timepoint 
interim 

post 

 
0.01 (-0.40, 0.42) 
-0.07 (-0.48, 0.35) 

 
0.41 (-0.26, 1.09) 
0.12 (-0.55, 0.80) 

 
-0.11 (-0.34, 0.12) 
-0.04 (-0.27, 0.19) 

 
-0.03 (-0.56, 0.50) 
-0.17 (-0.69, 0.36) 

Interaction 
Heat:interim 

Heat:post 

 
-0.07 (-0.65, 0.50) 
-0.18 (-0.75, 0.39) 

 
-0.25 (-1.19, 0.69) 
0.21 (-0.73, 1.14) 

 
0.25 (-0.07, 0.57) 
0.03 (-0.29, 0.34) 

 
-0.13 (-0.86, 0.61) 
-0.07 (-0.80, 0.66) 

Table 4.6. Results of linear mixed-effect model analysis of biomarkers of inflammation and kidney function, 

including IL-6, C-Reactive Protein, Endothelin-1, and urine Albumin. Data are log transformed and presented 

relative to a fixed intercept.  

 

 

Renal Function 

 Renal function mean data with 95% CI can be found in Table 4.6. Estimated glomerular 

filtration rate was quantified using serum cystatin C. Cystatin C may be used to supplement 

eGFR findings as determined by serum creatinine, as it more closely reflects glomerular filtration 

rate and has fewer potential confounders (153, 701). eGFR, as calculated with serum cystatin C, 

was not different following either exercise (-1.66 mL/min/1.73m2 [-7.9, 4.59], p = 0.97) or hot 

water immersion (1.7 [-8, 11.5], p = 0.99) (Figure 4.4). 24h urine albumin: creatinine ratio, while 

highly variable, was not different following either aerobic exercise training (2 mg/g [-14, 17]; 

p=0.96) or heat therapy (-9 [-24, 6]; p=0.31) (Figure 4.5). Dietary sodium consumption was not 

different throughout either exercise training (147mg [-563, 858]; p=0.857) or heat therapy 

(185mg [-842, 472]; p=0.785). Self-reported mean dietary sodium consumption can be found in 

Table 4.7. 
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Table 4.7. Biomarkers of kidney function and inflammation. Data are mean and [95% CI] for both groups 

at all time points. *p<0.01 compared to PRE.  

 

 

DISCUSSION 

 The primary finding of this study is that neither 30 sessions of aerobic exercise training 

nor chronic hot water immersion were sufficient to reduce total, daytime, or nighttime 

parameters of ambulatory blood pressure. Additionally, we report no significant differences in 

24h urine albumin excretion or glomerular filtration rate estimated using serum Cystatin C. 

Variable Group PRE MID POST 

Urine Albumin 

Excretion 

(mg/24h) 

EX 
11.0 

[6.3,17.5] 
9.6 

[6.7, 12.5] 
12.9 

[4.4, 21.4] 

HT 
16.2 

[2.6, 29.7] 
16.4 

[4.8, 27.9] 
8.8 

[4.8, 12.8] 

eGFR 

(mL/min/1.73m2) 

EX 
101 

[90, 112] 
93* 

[81, 106] 
99 

[86, 112] 

HT 
98 

[88, 109] 
98 

[87, 109] 
99 

[88, 110] 

Urine Albumin: 

Creatinine 

(mg/g) 

EX 
8.49 

[3.69, 13.3] 
6.16 

[4.09, 8.23] 
10.9 

[1.4, 18.78] 

HT 
15.3 

[-3.6, 34.1] 
11.95 

[1.6, 22.3] 
5.964 

[3.3, 8.625] 

Endothelin-1 

(pg/mL) 

EX 
1.343 

[1.09, 1.6] 
1.260 

[1.03, 1.5] 
1.363 

[1.03, 1.7] 

HT 
1.336 

[1.09, 1.6] 
1.504 

[1.2, 1.8] 
1.274 

[1.1, 1.5] 

C-Reactive 

Protein 

(pg/mL) 

EX 
1.489 

[0.78, 2.19] 
1.06 

[0.63, 1.5] 
1.334 

[0.67, 2] 

HT 
1.67 

[0.86, 2.5] 
1.51 

[0.85, 2.18] 
1.41 

[0.78, 2.05] 

Interleukin-6 

(pg/mL) 

EX 
1.98 

[0.81, 3.2] 
1.61 

[0.97, 2.3] 
1.74 

[0.9, 5.3] 

HT 
3.1 

[0.9, 5.3] 
3.14 

0.35, 5.93] 
2.63 

[0.63, 4.64] 

Dietary Sodium 

(mg) 

EX 
2252 

[1792, 2792] 

2706 

[2207, 3205] 

2399 

[1809, 2988] 

HT 
2613 

[2073, 3151] 

2243 

[1719, 2768] 

2428 

[1812, 3043] 
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Regular aerobic exercise is a primary lifestyle modification to lower blood pressure. To 

date, there have been a number of systematic reviews and meta-analyses that have reported the 

benefits of exercise training on ambulatory blood pressure among adults with untreated 

hypertension, controlled hypertension, as well as resistant hypertension (702–705). We 

conducted this trial due to compelling data that suggest heat therapy may be more effective than 

exercise training for improving blood pressure (8, 10). Unfortunately, we fail to report any 

significant changes in ambulatory blood pressure following either heat therapy or the current 

gold standard, aerobic exercise training. We are not the first to demonstrate that moderate-

intensity aerobic exercise training is not sufficient to improve blood pressure among adults with 

untreated hypertension (706–709). Among each of the previous interventions, exercise training 

either had equivocal or no impact on ambulatory blood pressure. There are, however, several 

compelling systematic reviews and meta-analyses to suggest that regular dynamic aerobic 

exercise is capable of eliciting significant reductions in blood pressure (264, 265, 710). The 

primary difference between interventions that report no impact of exercise training on blood 

pressure and those that do is the duration of the training period. The range of training duration 

varied from as short as 1 month to a long as one year among studies included in a systematic 

review and meta-analysis of the beneficial effects of exercise on blood pressure published by 

Cornelissen & Fagard (264). It is possible that our intervention and others are not sufficiently 

long enough to elicit a meaningful and significant reduction in blood pressure.  

Additionally, data regarding the impact of exercise intensity on the hypotensive effects of 

physical activity are equally mixed (711–713). While we assessed cardiorespiratory fitness prior 

to and following both interventions, exercise prescription was formulated according to heart rate 

reserve. This allowed researchers to titrate work rate according to improved cardiorespiratory 

fitness during the intervention, with a target working intensity of 60% of heart rate reserve. It is 

possible that with a greater exercise intensity, we would report reductions in ambulatory blood 

pressure in this population. Changes in ambulatory blood pressure following heat therapy are 

presented relative to changes in the gold standard, aerobic exercise. As we report no changes in 

ambulatory blood pressure following exercise, perhaps it should be expected that we also report 

no changes following heat therapy. There is a dearth of evidence to suggest that heat therapy 

elicits a reduction in ambulatory blood pressure, despite compelling evidence for a reduction in 

clinic blood pressure (9, 10).  
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To explore the integrative relationship between the kidney and long-term blood pressure 

regulation, we pursued several exploratory biomarkers of kidney function prior to and following 

both interventions, including 24h urine albumin excretion, urine albumin:creatinine ratio, and 

glomerular filtration rate estimated using serum cystatin C. Contrary to our hypothesis, heat 

therapy did not elicit reductions in urine albumin excretion or urine albumin:creatinine ratio. It is 

likely that the lack of improvement in urine albumin excretion and urine albumin:creatinine ratio 

is due to a lack of a change in blood pressure following either intervention. Multiple previous 

investigations have reported a reduction in urine albumin secondary to a reduction in blood 

pressure across a variety of populations and comorbidities (714–716). These reductions in blood 

pressure were achieved through reductions in dietary sodium, which has been shown to have a 

direct impact on urine albumin excretion (614, 717). Dietary sodium-mediated increases in 

arterial stiffness amplify the effects of pulsatile pressure on the kidney, which manifests as 

increased urine albumin excretion, representative of endothelial dysfunction and kidney damage 

(718–720). Through reductions in dietary sodium and attendant reductions in arterial stiffness, 

urine albumin excretion is reduced, suggesting that albuminuria is a pressure-dependent 

phenomenon, in spite of renal autoregulation to prevent the transmission of systemic pressures to 

the renal vasculature (721). In the present intervention, we report no differences in dietary 

sodium between conditions, although this was assessed using a self-reported dietary recall (722).  

Albuminuria and, by extension, the albumin:creatinine ratio, can be indicative of vascular 

endothelial dysfunction (687) as well as risk for hypertension and cardiovascular disease (174, 

700, 723). We do not report any changes to 24h urine albumin excretion or 24h urine albumin: 

creatinine ratio. Unfortunately, we did not collect any measurements of endothelial function, 

although previous data have demonstrated that endothelial function is impaired in essential 

hypertension through a combination of vascular, inflammatory, and vasoactive molecules (85, 

186, 687). Improvements in endothelial function following repeated bouts of hyperthermia have 

been demonstrated primarily in young, healthy, individuals (8, 545, 546), although Ely and 

colleagues report significant improvements in flow-mediated dilation in individuals with 

Polycystic Ovary Syndrome, a population characterized as pre-diabetic, pre-hypertensive, and 

often presenting with autonomic dysfunction (9). Among other clinical populations, Gravel and 

colleagues demonstrated that a single Finnish sauna session was capable of acutely improving 

peripheral endothelial function among adults with stable coronary artery disease (445), but not in 
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healthy older adults (444). However, following chronic Finnish sauna use, Debray and 

colleagues report no improvements in flow-mediated dilation among adults with stable coronary 

artery disease (724). Following chronic hot water immersion, Akerman and colleagues report no 

significant improvement in brachial artery flow-mediated dilation in adults with peripheral 

arterial disease (10). Conversely, following Waon therapy, both Imamura et al. and Kihara et al. 

demonstrated improvements in endothelial function among adults with chronic heart failure (449, 

450).  

 We report no significant impact of either aerobic exercise training or heat therapy on 

glomerular filtration rate estimated using serum cystatin C. The impact of blood pressure on 

estimated glomerular filtration rate is a continuous relationship and not limited to a single insult, 

which complicates the interpretation of the effect of a short-term interaction such as the present 

study (725). Previous interventions have explored the impact of intensive pharmacological 

interventions to lower blood pressure (726), or changes in eGFR among individuals with 

established chronic kidney disease (727), but there is limited data examining individuals with 

untreated essential hypertension without impairments in kidney function. Estimated glomerular 

filtration rate is in part a pressure-dependent phenomenon, and substantial reductions in blood 

pressure can elicit short-term reductions in eGFR which are not indicative of a decline in kidney 

function but are hemodynamic in nature. It is possible that this explains the transient reduction in 

eGFR at the mid-intervention assessment, despite no difference in ambulatory blood pressure at 

this same timepoint. Conversely, elevated blood pressure, despite being a risk factor for impaired 

kidney function long-term, is associated with elevated eGFR. Systemic arterial pressure-

mediated glomerular hyperfiltration is common in the initial stages of essential hypertension, and 

is highly predictive of future cardiovascular events and kidney decline (162, 728, 729). Nascent 

hyperfiltration represents a promising biomarker for identifying individuals with a high 

likelihood of benefit from anti-hypertensive medication, or lifestyle interventions to improve 

blood pressure (729). There is limited data to suggest that lifestyle interventions such as aerobic 

exercise can reduce blood pressure while maintaining estimated glomerular filtration rate (727). 

Despite results that are contrary to our hypothesis, previous reports of the compelling 

hemodynamic benefits of exercise training and heat therapy warrant future study of the impact of 

lifestyle interventions on eGFR.  
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Limitations 

The present study did not assess kidney function at baseline using urine 

albumin/creatinine ratio. Accordingly, it is possible that some individuals present with impaired 

kidney function at baseline. The kidney plays a central role in long-term blood pressure 

regulation, possibly precluding these individuals from experiencing aerobic exercise training or 

heat therapy on kidney function.  

 Furthermore, it is possible that our interventional timeline influenced these results. The 

study was designed with an intention-to-treat protocol, wherein all individuals that were 

randomized and initiated either aerobic exercise or heat therapy were included in the 

intervention. Our projected and ideal time to complete the intervention was 8-10 weeks, with an 

average frequency of 3-4 sessions per week. Unfortunately, not all participants completed the 

intervention within this timeframe. Several individuals within both groups required over 10 

weeks to complete the intervention, which may have influenced our results. It is possible that 

with stricter adherence guidelines, our results would more closely match those previously 

reported (349, 702, 704). Despite this protracted timeline, all participants except one in each 

group completed all 30 sessions of their assigned intervention. Among those that did not 

complete all 30 sessions, both completed 27/30.  

 

CONCLUSION 

These data indicate that the design of the current study, wherein middle-aged individuals 

with untreated hypertension completed 30 sessions of either aerobic exercise training or hot 

water immersion, is not sufficient to improve ambulatory blood pressure or relevant biomarkers 

of kidney function.  
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CHAPTER V 

CARDIOVASCULAR FUNCTION 

INTRODUCTION 

 Cardiovascular disease represents the leading cause of death both in the United States as 

well as world-wide (2, 3, 201). Hypertension is among the leading primary, yet preventable, risk 

factors for cardiovascular disease, including smoking and physical inactivity. Exercise training 

represents a crucial lifestyle intervention for improving both blood pressure as well as 

cardiovascular disease risk, yet approximately half of all united states adults do not meet the 

American College of Sports Medicine recommendations for physical activity (5). Despite low 

adherence, exercise training remains a crucial non-pharmacological intervention for improving 

blood pressure and cardiovascular disease risk.  

 Heat therapy has been a cultural practice for thousands of years, including Finnish 

Saunas, Japanese Onsens, and Native American sweat lodges. These cultural practices have 

evolved into a potential therapeutic alternative to exercise for improving cardiovascular (8) and 

metabolic (485, 494) risk factors, as well as risk for incident hypertension (439), Alzheimer’s 

disease (267), and all-cause mortality (7). There is a particularly strong body of evidence for the 

efficacy of heat therapy, in the form of Waon therapy (far-infrared sauna bathing with 

subsequent maintenance of core temperature using a tightly wrapped blanket), particularly 

among individuals with heart failure (447, 448, 451, 457, 463). Similarly, hot water immersion 

also represents a suitable physiological stressor to elicit improvements in cardiovascular health 

among a variety of populations (8–10). Hot water immersion elicits a similar increase in core 

temperature as moderate-intensity exercise (645), which has been identified as mediating key 

improvements in vascular health with heating interventions (546, 730).  

 Despite the independent efficacy of each intervention, there have been relatively few 

comparisons of heat therapy with the gold standard, aerobic exercise training, for improving 

blood pressure and cardiovascular disease risk factors. One intervention demonstrated greater 

reductions in blood pressure following heating compared to exercise among individuals with 

peripheral arterial disease, but no change in arterial stiffness or endothelial function (10). Two 

previous trials (10, 731) utilized a combination of exercise training and heat stress compared to 

exercise alone, which precludes authors from quantifying the potential effects of heat therapy on 
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physiological variables such as blood pressure. Lastly, these interventions have not been directly 

compared among adults with untreated hypertension but without other cardiovascular diseases.  

 Therefore, the purpose of this study is to compare the efficacy of chronic hot water 

immersion and aerobic exercise training for improving blood pressure among adults with 

untreated hypertension. We hypothesized that hot water immersion would be more effective than 

aerobic exercise training for lowering blood pressure and improving arterial stiffness. 

 

METHODS  

 Subjects. Forty-one adults with elevated or high blood pressure (defined as systolic blood 

pressure ≥120 mmHg and/or diastolic blood pressure ≥80 mmHg) volunteered to participate in 

this research. Inclusion criteria included individuals aged 35-60, systolic blood pressure between 

120 and 180 mmHg, diastolic blood pressure between 80 and 120 mmHg. Exclusion criteria 

included systolic blood pressure greater than 180 mmHg or diastolic blood pressure greater than 

120 mmHg; chronic cardiorespiratory or metabolic disease other than hypertension; abnormal 

resting or exercise electrocardiogram; currently taking antihypertensive medication; BMI ≥ 35 

kg/m2; fasting glucose ≥126 mg/dL; fasting hemoglobin A1c ≥7%; LDL ≥160 mg/dL; high 

levels of physical activity assessed according to the International Physical Activity Questionnaire 

(IPAQ); persons who are pregnant, nursing, or currently trying to conceive, aged 34 years or 

younger, or 61 years and older. Blood pressure was assessed in accordance with current 

American College of Cardiology and American Heart Association guidelines to confirm elevated 

to hypertensive blood pressure. Briefly, blood pressure was assessed ≥2 times on ≥2 days and 

averaged to determine hypertension classification. Based on these screening assessments, seven 

participants were classified as elevated blood pressure, eleven participants were classified as 

stage one hypertensive, and nineteen participants were classified as stage 2 hypertensive. Subject 

characteristics can be found below in Table 5.1. 
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 Aerobic Exercise (EX) Hot Water Immersion (HWI) 

n  20 (7F) 21 (8F) 

Age (years) 49 ± 7 47 ± 7 

Body Mass (kg • m–2) 30 ± 3 30 ± 3 

Systolic Blood Pressure (mmHg)  134 ± 11 127 ± 9 

Diastolic Blood Pressure (mmHg) 89 ± 7 84 ± 10 

# Elevated Blood Pressure  4 4 

# Stage 1 Hypertension 7 12 

# Stage 2 Hypertension 9 5 

Table 5.1. Subject characteristics at baseline. Data are means ± SD.  

 

Randomization. Following completion of all pre-intervention testing, volunteers were 

randomized using a computer-generated randomization module in REDCap (REDCap, 

Vanderbilt University, Nashville, TN, USA).   

Vascular Function. Subjects reported to lab three times throughout the course of data 

collection for resting measurements of vascular function. Baseline pre-intervention testing was 

conducted prior to randomization, mid-point testing was conducted after 15 sessions, and post-

intervention testing was conducted after the completion of all 30 sessions. Vascular function 

testing was conducted at a minimum of 48 hours following the final exercise or hot water 

immersion session, and a maximum of 1 week. Prior to vascular function testing, subjects were 

asked to abstain from over-the-counter vitamins, medications, and supplements for ≥12 hours; 

exercise and heat therapy for ≥48 hours; caffeine for ≥12 hours; food for ≥12 hours; and alcohol 

for ≥24 hours. Time of day was held constant for each visit within subjects to minimize the 

impact of circadian fluctuations on variables of interest. Height and semi-nude weight were 

recorded, as well as a urine sample to confirm a negative pregnancy test in female participants. 

Following these anthropometric measurements, subjects rested quietly supine for 20 

minutes prior to hemodynamic and vascular measurements. During this time, subjects were 

instrumented with 3-lead electrocardiogram for the measurement of heart rate and rhythm, as 

well as a brachial blood pressure cuff. Measurements of autonomic, hemodynamic, and vascular 

function were completed in the same order for all participants: heart rate variability, blood 

pressure and cardiac output, followed by pulse wave velocity.  
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 Heart Rate Variability. Heart rate variability was assessed to quantify the impact of 

exercise training and heat therapy on autonomic modulation.  

 Subjects were instructed on how to breathe with a metronome to elicit a breathing 

frequency of 0.25Hz, or 15 breaths per minute for a total of 8 minutes. During analysis the first 

and last 90 seconds were excluded, while the middle 5 minutes were analyzed. 5 minutes has 

been shown to be an optimal duration for detection of low- and high-frequency fluctuations in 

heart rate variability (621). A time series data file of R-R interval duration was generated using 

Advanced CODAS Analysis Software (DATAQ Instruments, Akron, OH, USA). The time series 

data were then input into a custom LabView program for the analysis of frequency domain 

measures of heart rate variability (UO HRV_G1, University of Oregon, Eugene, OR, USA). 

Imported data were first interpolated to 4 Hz to obtain equidistant time intervals and then divided 

into five equal length overlapping segments of 256 samples each. Each segment was de-trended, 

Hanning-filtered, and fast-Fourier-transformed to derive a periodogram. The five periodograms 

were averaged to produce the spectrum estimate for the entire time series. For this procedure, the 

frequency resolution was 0.016 Hz. We defined the high or respiratory frequency band as 0.15-

0.40 Hz, a range inclusive of all respiratory power, and the low frequency band as 0.04-0.15 Hz. 

Total power was reported as the band ≤ 0.40 Hz. 

 Arterial Blood Pressure. Blood pressure was assessed in triplicate using automated 

auscultation of the brachial artery (Tango M2, Suntech Medical, Morrisville, NC, USA). Mean 

arterial pressure (Equation 5.1) was calculated as: 

 

Equation 5.1 Mean Arterial Pressure 

Diastolic Blood Pressure + 
(Systolic Blood Pressure-Diastolic Blood Pressure)

3
 

 

If systolic and diastolic values differed by ≥10 mmHg, the assessment was repeated until ≥3 

values agreed.  

Cardiac output. Resting cardiac output was assessed via the open circuit acetylene wash-

in method, as described previously (487, 622, 623). Initially developed in 1975 (624), and 

subsequently modified in 1993 (625), this method allows for non-invasive determinations of 
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cardiac output at rest and during exercise and has been validated against direct Fick 

measurements of cardiac output (626). Resting in a supine position, subjects were instructed to 

breathe with a metronome at a frequency of 0.25 Hz, or 15 breaths per minute while fitted with 

nose clips to prevent mixed nasal and mouth breathing. During expiration, an automatic sliding 

valve transitioned the inspiratory port from room air to a customized lung diffusion blend, which 

subjects breathed for approximately 8-10 breaths. The lung diffusion gas blend consisted of 0.6% 

acetylene, 9% helium, 20.9% oxygen, and balance nitrogen. Acetylene readily diffuses into 

circulation, while helium is insoluble in blood, therefore the disappearance rate of acetylene is 

proportional to pulmonary capillary blood volume, providing an estimate of cardiac output 

(627).Tidal volume was measured on a breath-by-breath basis using a pneumotachograph (model 

4700, Hans Rudolph, Shawnee, KS, USA) connected to a two-way Y-shaped non-rebreathing 

valve (Series 1420, Hans Rudolph, Shawnee, KS, USA). Tidal volume determinations were 

performed using the linearized method, as previously described (628). As all cardiac output 

measurement were conducted at rest, we utilized a pediatric pneumotachograph and two-way 

non-rebreathing valve to minimize dead space, which measured 36mL. Breath-by-breath helium 

and acetylene were measured using a mass spectrometer (MGA 1100, MA Tech Services, St. 

Louis, MO, USA). Cardiac output calculations were performed using customized software (Beck 

Integrated Physiological Testing Systems, St. Paul, MN, USA) based on previously published 

methods (626). 

Using heart rate measured via electrocardiography during the period where inspired and expired 

gases are analyzed, stroke volume (Equation 5.2) was calculated as: 

 

Equation 5.2. Stroke Volume 

Stroke Volume (mL/beat) = 
Cardiac Output (

mL

min
)

Heart Rate (
beats

min
)

 

 

Using cardiac output and mean arterial pressure, total peripheral resistance (Equation 5.3) was 

calculated as: 
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Equation 5.3. Total Peripheral Resistance 

Total Peripheral Resistance =
mean arterial pressure (mmHg)

cardiac output (
L

min
)

. 

 

 Pulse Wave Velocity. Pulse wave velocity was measured using the SphygmoCor XCEL 

system (ATCOR Medical, Naperville, IL, USA). Subjects were fitted with a blood pressure cuff 

on their upper left arm. Brachial blood pressure was assessed in duplicate via the oscillometric 

method prior to initial measurement of pulse wave velocity. Following the measurement of 

brachial blood pressure, subjects were fitted with an inflatable cuff on the upper portion of their 

ipsilateral leg. The inflatable cuff on the ipsilateral leg produces a femoral artery pulse waveform 

using air displacement (732).  

Prior to applanation tonometry of the carotid artery, anatomical measures were taken by 

two researchers. Investigators palpated the carotid artery and measured the distance to the sternal 

notch, from the sternal notch to the top of the femoral artery cuff, from the location of the 

strongest femoral pulse to the top of the femoral artery cuff, and from the location of the carotid 

tonometer to the top of the femoral artery cuff.  

Following, a pressure transducing tonometer was applied to the common carotid artery. 

Upon achieving a satisfactory carotid artery pressure waveform, the upper leg cuff was 

automatically inflated until a femoral artery pulse waveform was detected. The SphygmoCor 

XCel device calculates carotid-femoral pulse wave velocity according to the estimated distance 

the pulse wave travels divided by the duration between the foot of the pulse wave of the carotid 

pulse waveform and the femoral pulse waveform. Following these concurrent measurements of 

carotid and femoral artery pressure waveforms, two investigators completed above 

measurements of anatomical distance for estimation of pulse wave distance travelled. Pulse wave 

velocity assessments were repeated until recording 2 measurements within 0.3 m/s were 

obtained. Measurements were completed by the same investigator within a subject for all time 

points.  

 Cardiorespiratory Fitness Assessment. VO2peak was assessed using an incremental ramp 

test to exhaustion performed on a stationary bike (Lode Excalibur Sport, Lode BV, Groningen, 

Netherlands). Whole body oxygen uptake was assessed at baseline prior to randomization and 

following all 30 sessions of exercise training or heat therapy.  
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Participants were instrumented with a heart rate monitor (Polar Electro Inc., Lake 

Success, NY, USA), a two-way non-re-breathing valve to allow for the inspiration of room air 

and the collection of expired air (Series 2700, Hans Rudolph, Shawnee, KS, USA), and nose 

clips. Expired air was collected in a mixing chamber for fractional analysis of expired 

concentrations of O2 (paramagnetic) and CO2 (infrared) at 15s intervals (TrueOne 2400, 

ParvoMedics, Sandy, UT, USA).  

Following instrumentation, subjects rested quietly for 2 minutes while seated on the 

stationary cycle ergometer on which the test was performed. Subjects began exercise with a 4-

minute warm-up at a resistance of 30 watts at a self-selected cadence. Ramp rate was either 15, 

20, 25, or 30 watts per minute, depending on subject age, sex, and current fitness, with the goal 

of eliciting volitional exhaustion in 8-12 minutes. Incremental work rate was subsequently 

replicated at the post-intervention assessment of peak oxygen consumption. Work rate was 

increased according to the defined ramp protocol until the participant reached volitional fatigue. 

Criteria for ending the test included: rating of perceived exertion 17-20 on the Borg Scale (640), 

achievement of age-predicted maximum heart rate (220-age), respiratory exchange ratio ≥1.1, a 

plateau in oxygen consumption despite increasing work rate, and cadence ≤60 revolutions per 

minute for ≥10 seconds despite strong verbal encouragement. An acceptable figure constituting a 

plateau in oxygen consumption is 2.1 ml/kg/min with increasing work rate (641), although this 

increase is debated by some (642), as it may be influenced by sampling interval of VO2 (643, 

644). Following volitional fatigue and cessation of pedaling, subjects completed a cool-down for 

10 minutes prior to a supramaximal validation of peak oxygen consumption. In brief, participants 

pedaled at ≥60 rpm until volitional fatigue at a constant work rate corresponding to 110% of 

peak ramp power, to ensure no further increases in peak oxygen consumption at a greater work 

rate than that which elicited a plateau in oxygen consumption (642). Following supramaximal 

verification, participants completed a second cool down. Peak oxygen consumption was 

measured as the highest 30s average oxygen consumption from either the initial ramp protocol, 

or the supramaximal verification bout, whichever was greater. Maximal heart rate was 

determined as the highest heart rate achieved during either the initial ramp protocol or the 

supramaximal verification bout. This value was then used to calculate heart rate reserve 

percentages for exercise training sessions. 
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Heat Therapy. Heat therapy consisted of 30 bouts of hot water immersion over 8-10 

weeks, at frequency of 3-4 sessions per week. Hot water immersion has been demonstrated to 

elicit increases in core temperature that are similar to moderate intensity exercise (645), which 

are requisite for thermoregulatory adaptations and drive vascular improvements (477, 478, 480, 

546, 730). This dosage of heating was informed by previous chronic hot water immersion 

research within our laboratory. Compelling data from young, healthy, but otherwise sedentary 

individuals demonstrated that thirty-six 90-minute sessions of hot water immersion over 8 weeks 

was capable of eliciting promising improvements in blood pressure and vascular function (8, 

481, 489). More recently, data from our lab has demonstrated that a truncated dosage of heat 

therapy, thirty 60-minute sessions, could elicit similar improvements in blood pressure and 

vascular function in women with polycystic ovary syndrome (9, 494). The hot water immersion 

protocol in the present study was designed with the intention of matching the duration of heating 

to the exercise training arm of this protocol, as well as satisfying the American College of Sports 

Medicine recommended weekly aerobic physical activity guidelines (three 50-minute 

sessions/week).  

 Upon arriving at lab, participants provided a urine sample to ensure euhydration (USG  

≤1.024) prior to hot water immersion. If urine specific gravity was ≥1.024, subjects were given 

5mL/kg of nude body mass to consume before immersion. After providing a urine sample, 

subjects provided a dry nude body mass prior to changing into suitable clothing for hot water 

immersion. Prior to immersion, subjects were instrumented with a commercially available heart 

rate monitor (Polar Team Pro, Polar Electro, Lake Success, NY, USA). Heart rate was measured 

at baseline in a temperature-controlled room (22-24°C), and every 5min during immersion. For 

the first 5 and 30th hot water immersion sessions, subjects were provided with an ingestible core 

temperature pill (HQ Inc, Palmetto, FL, USA). Subjects were instructed to ingest the pill at least 

6h prior to arriving at lab.  

Participants were immersed to mid-sternum in a commercially available hot tub set to 

40°C for 45 minutes. If core temperature exceeded 38.5°C, participants were provided with a 

fan, but remained immersed. During immersion, water was provided ad libitum. After 45 

minutes, subjects completed a 5min cool-down in a seated position outside of the tub. Following 

the cool-down, subjects toweled dry and provided a second dry nude body mass. If body weight 
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loss via sweat was not compensated via water intake such that body weight loss was <1%, 

additional fluids were provided prior to subjects leaving the lab. 

 Exercise Training. Aerobic exercise training consisted of 30 sessions on an upright 

stationary cycle ergometer (Precor UBK 600, Woodinville, WA, USA) over 8-10 weeks, at a 

frequency of 3-4 sessions per week. This frequency and duration were selected to achieve the 

recommended minimum physical activity guidelines from the American College of Sports 

Medicine. Subjects arrived at lab in suitable clothing for exercise and were instrumented with a 

commercially available heart rate monitor (Polar Team Pro, Polar Electro, Lake Success, NY, 

USA). Heart rate was measured at baseline seated quietly on the exercise bike, as well as every 5 

minutes during exercise. Exercise sessions consisted of a 5-minute warm-up and cool-down at 

30% of heart rate reserve, with 40 minutes at our target intensity of 60% of heart rate reserve. 

Water was provided ad libitum during exercise.  

Statistics. Participant characteristics were analyzed using an unpaired, two-tailed 

Student’s t-test and are presented as means ± SD. Primary outcome variables, including in-clinic 

blood pressure, hemodynamic variables, and pulse wave velocity, were analyzed using linear 

mixed-effects model with group and timepoint main effects and an interaction effect to 

determine changes over time within groups, completed in collaboration with the biostatistics 

department at Oregon Health & Science University. Reference levels for fixed effects were 

exercise training and pre-intervention timepoint. Heat Intervention Fixed effect represents group 

differences across all timepoints. Timepoint estimates represent differences in interim or post-

interventions blood pressure compared to pre-intervention across all groups. Secondary outcome 

variables, including VO2peak and heart rate variability, were compared using a mixed-model 

analysis of variance with main effects of group and time. In the event of a significant main 

effect, multiple comparisons were completed using the Sidak analysis. Significance was accepted 

as p<0.05. Statistical analysis was conducted in GraphPad Prism 10.1.0 (GraphPad, Dotmatics, 

San Diego, CA, USA).   

 

RESULTS 

 Participant anthropometric and demographic data are presented in Table 5.1. Primary 

outcome variables are presented as mean of the difference from PRE to POST with 95% CI in 

the text. Secondary outcome variables are presented as the mean of the difference from PRE to 
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POST with 95% CI, with the associated p-value from statistical comparison. Mean data for all 

outcome variable for both groups at all time points can be found in Table 5.4.  

Blood Pressure. In-clinic systolic blood pressure (SBP) was not different following 

exercise training (1 mmHg [-3, 5]) or hot water immersion (1 [-6, 7]), nor was in clinic diastolic 

blood pressure (DBP) following exercise training (2 mmHg [-2, 6]) or hot water immersion (1 [-

4, 6]) (Figure 5.1.). Results of linear mixed effects analysis of in-clinic blood pressure can be 

found in table 5.2.  

 

 
Figure 5.1. In-clinic systolic and diastolic blood pressure. Violin and dot plots show blood 

pressure assessments at pre, mid, and post-intervention for all participants.  

 

 

 

 Systolic Blood Pressure Diastolic Blood Pressure 

Fixed Effect  Estimate (95% CI) P Value Estimate (95% CI) P Value  

In clinic 

Intercept 134.30 (128.35, 140.25) - 89.10 (85.22, 92.98) - 

Heat Intervention -7.01 (-15.33, 1.31) .12 -4.48 (-9.90, 0.94) .07 

Timepoint 
interim 

post 

 
-3.15 (-7.11, 0.81) 
1.15 (-2.81, 5.11) 

.45  
-0.65 (-3.40, 2.10) 
1.25 (-1.50, 4.00) 

.17 

Interaction 
Heat:interim 

Heat:post 

 
3.96 (-1.57, 9.49) 
-1.01 (-6.54, 4.53) 

.18  
0.03 (-3.812, 3.87) 
-0.11 (-3.95, 3.74) 

.99 

Table 5.2. Results of linear mixed-effects model for in-clinic systolic and diastolic blood pressure.  
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Figure 5.2. Pulse wave velocity. Violin and dot plots show blood pressure assessments at pre, mid, and 

post-intervention for all participants in both groups 

 

Fixed Effect* Estimate (95% CI) P value** 

Intercept 8.28 (7.90, 8.66) - 

Heat Intervention -0.23 (-0.76, 0.30) .44 

Timepoint 
interim 

post 

 
-0.30 (-0.55, -0.04) 
-0.02 (-0.27, 0.23) 

.008 

Interaction 
Heat:interim 

Heat:post 

 
0.10 (-0.25, 0.45) 
0.017 (-0.34, 0.37) 

.84 

Table 5.3. Results of linear mixed-effects model for pulse wave velocity. 

  

 Carotid-femoral pulse wave velocity was significantly reduced in the exercise group at 

the mid-intervention assessment, but values returned to baseline by the post-intervention 

timepoint. Heat therapy was not different across all time points. These data are represented 

graphically in figure 5.2. The results of the linear mixed-effects model analysis of pulse wave 

velocity can be found in table 5.3. Cardiac output was not significantly different between or 

within groups following either aerobic exercise training (0.15 L/min [-0.3, 0.6]) or hot water 

immersion (-0.06 [-0.66, 0.53]). Likewise, total peripheral resistance was not changed for either 

exercise training (-0.25 mmHg/min/L [-2.3, 1.8]) or hot water immersion (0.12 [-1.9, 2.1]). 

 

 

 

 

 

 



 

127 

 

 

 

Resting hemodynamic data can be found in Figure 5.3.  

 

 

Fixed Effect* 
Heart Rate  

(95% CI) 

Cardiac Output 

(95% CI) 

Stroke Volume 

(95% CI) 

TPR  

(95% CI) 

Intercept 
65.25 (60.62, 

69.88) 
5.03 (4.61, 5.44) 

74.97 (67.00, 

82.95) 

21.46 (19.59, 

23.32) 

Heat Intervention -3.44 (-9.91, 3.03) -0.09 (-0.67, 0.49) 
4.45 (-6.69, 

15.60) 
-0.67 (-3.27, 1.93) 

Timepoint 

interim 

post 

 

-1.55 (-3.92, 0.82) 

-1.90 (-4.27, 0.47) 

 

-0.23 (-0.61, 0.16) 

0.21 (-0.18, 0.59) 

 

0.17 (-6.55, 6.88) 

4.80 (-1.67, 

11.26) 

 

0.48 (-0.89, 1.85) 

-0.45 (-1.83, 0.92) 

Interaction 

Heat:interim 

Heat:post 

 

2.12 (-1.19, 5.43) 

1.71 (-1.60, 5.02) 

 

0.48 (-0.06, 1.02) 

-0.28 (-0.82, 0.26) 

 

4.42 (-4.97, 

13.81) 

-7.08 (-16.49, 

2.33) 

 

-1.55 (-3.47, 0.37) 

0.58 (-1.35, 2.52) 

Table 5.4. Resting hemodynamic data, including Cardiac Output, Heart Rate, Stroke Volume, and Total Peripheral 

Resistance.  

 

 Heart Rate variability is presented as the mean of the difference with 95% CI for absolute 

low and high frequency power, and total power. Low frequency power was not different 

following either aerobic exercise training (87 ms2 [-71, 246]; p=0.42) or heat therapy (193 [-199, 

586]; p=0.51). High frequency power was not different following either exercise (45 ms2 [-45, 

137]; p=0.49) or heat therapy (-10 [-235, 214]; p=0.99). Total power was not significantly 
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impacted by either exercise (155 ms2 [-120, 432]; p=0.32) or heat therapy (315 [-439, 1069]; 

p=0.64). Heart rate variability data for both groups at all time points can be found in Table 5.3. 

Peak oxygen consumption was significantly increased following exercise, (0.28 L/min 

[0.17, 0.397], p <0.001), but not heat therapy (0.01 [-0.1, 0.12], p = 0.90). 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Variable Group PRE MID POST 

In-clinic 

SBP 

(mmHg) 

EX 
135 

[129, 140] 
131 

[124, 139] 
135 

[130, 140] 

HT 
127 

[121, 133] 
128 

[120, 135] 
128 

[121, 134] 

In-clinic 

DBP 

(mmHg) 

EX 
89 

[85, 92] 
88 

[85, 92] 
90 

[87, 94] 

HT 
85 

[80, 89] 
84 

[79, 89] 
86 

[81, 90] 

PWV 

(m/s) 

EX 
8.2 

[7.9, 8.6] 
7.9 

[7.6, 8.2] 
8.1 

[7.8, 8.4] 

HT 
8.0 

[7.6, 8.5] 
7.9 

[7.5, 8.3] 
8.1 

[7.7, 8.5] 

VO2peak 

(L/min) 

EX 
2.33 

[2.04, 2.61] 
 

2.61* 

[2.31, 2.9] 

HT 
2.56 

[2.17, 2.94] 
2.57 

[2.19, 2.94] 



 

129 

 

 

Variable Group PRE MID POST 

Heart Rate Variability  

Low 

Frequency 
(0.04-0.15 

Hz) 

EX 
80 

[54, 106] 
141 

[60, 222] 
167 

[25, 310] 

HT 
140 

[61, 219] 
220 

[53, 386] 
333 

[13, 653] 

High 

Frequency 
(0.15-0.40 

Hz) 

EX 
79 

[49, 106] 
134 

[58, 210] 
125 

[48, 202] 

HT 
214 

[83, 345] 
173  

[81, 266] 
204 

[61, 345] 

Total 

Power 
(≤0.40 Hz) 

EX 
268 

[203, 333] 
421 

[157, 685] 
424 

[175, 672] 

HT 
503 

[265, 741] 
611 

[283, 940] 
818 

[218, 1419] 

Table 5.5. Mean [95% CI] at all timepoints for both intervention groups for outcome 

variables of interest. *p<0.001 compared to PRE.  

 

DISCUSSION 

 Heat therapy in the form of chronic hot water immersion has gained attention in recent 

decades as a potential therapeutic alternative to exercise for improving cardiovascular health. 

Previous studies have reported compelling improvements in known risk factors for 

cardiovascular disease, such as blood pressure and arterial stiffness, as well as endothelial health. 

Previous investigations have focused on a variety of populations, but none have investigated the 

efficacy of heat therapy for improving blood pressure in adults with untreated hypertension in 

comparison with the gold standard, aerobic exercise training.  

Contrary to our hypothesis, we do not report any significant reductions in blood pressure 

following chronic passive hot water immersion, nor do we report any differences with exercise 

training. Previous data from our lab that has reported significant reductions in blood pressure 

with chronic passive hot water immersion have utilized a greater heating stimulus, either 60 

minutes (9) or 90 minutes (8) per session, compared to 45 minutes per session in the present 

intervention.   

 The data presented here are consistent with a growing body of literature that offers 

equivocal findings regarding the benefits of heat therapy on vascular health. A recent study 

investigating the impact of Finnish sauna on vascular health outcomes in individuals with stable 

coronary artery disease reported similar findings to those presented here, wherein heat therapy 
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did not elicit favorable improvements in cardiovascular health (724). Despite evidence of heat 

acclimation following 8 weeks of sauna use, namely lower resting core temperature and 

increased sweat rate, Debray and colleagues report no change in peripheral endothelial function, 

microvascular reactivity, vascular smooth muscle sensitivity, or blood pressure (724). These data 

are perhaps not surprising in light of data from a similar population that reported no impact of an 

acute bout of Finnish sauna on brachial artery Flow-mediated dilation (444). 

An investigation comparing exercise training with hot water immersion for improving 

vascular health in individuals with peripheral artery disease offered similar findings. Akerman 

and colleagues report a significant reduction in systolic blood pressure following 12 weeks of hot 

water immersion, but no change in central or peripheral arterial stiffness, endothelial function, or 

diastolic blood pressure compared to pre-intervention values or the exercise group (10). Notably, 

rates of compliance differed between arms of the intervention. On average, individuals in the hot 

water immersion group completed 47 out of 57 possible sessions, while individuals in the 

exercise group completed 14 out of 24 possible sessions (10). It is very possible that the 

difference in accumulated stress played a role in the reduction in systolic blood pressure seen 

with heat therapy but not exercise training. To that end, we ensured nearly 100% compliance 

with both interventions in the present study. One individual in each arm of this dissertation failed 

to complete all 30 sessions, with each reaching 27 completed sessions. As such, we are confident 

that this dissertation was a fairer comparison of exercise training and heat therapy.  

 Additional investigations report no change in blood pressure following heat therapy. In 

an 8-week single-leg model of passive heating in young healthy females, McGarity-Shipley and 

colleagues report that systolic and mean arterial pressure were greater at week 4 and 6 compared 

to week 2 (733). The authors also report a substantial increase in vascular shear stress measured 

in the superficial femoral artery (~611% increase compared to baseline) during heating. This is 

critical, as repeated increases in shear stress are thought to be crucial in mediating the 

improvements in endothelial function and vascular health seen with heat therapy (8, 9, 546, 730). 

In light of consistent evidence for beneficial increases in antegrade shear stress with heat 

therapy, it is surprising that blood pressure was not reduced in this intervention.  

 Among individuals with heart failure, short duration warm water immersion (5 sessions 

per week for 2 weeks) failed to reduce blood pressure, despite improvements in cardiac function 

following the intervention (734). To that end, we report no significant differences between or 
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within groups for any of our hemodynamic variables: cardiac output, total peripheral resistance, 

or systemic vascular conductance. It is possible that the lack of change in these hemodynamic 

variables influenced our results. Previous data suggests that increased resting cardiac output and 

a shift towards increased sympathetic activity underlie the initial stages of neurogenic 

hypertension (735). In advanced stages of essential hypertension, cardiac output normalizes, but 

without an attendant reduction in blood pressure (735). In experimental animal models of 

hypertension, training-induced bradycardia and reductions in sympathetic outflow played a 

pivotal role in reducing resting cardiac output and blood pressure (736). Conversely, exercise 

training interventions among humans with essential hypertension report the primary 

hemodynamic adaptation is a reduction in total peripheral resistance, often accompanied by a 

significant increase in cardiac output, reflective of cardiac adaptation to prolonged training 

(737–739). These data suggest that there are hemodynamic adjustments that accompany 

improvements in neurogenic hypertension, although we do not report these changes in the 

present study.   

There is a complex relationship between arterial stiffness, aging, and hypertension. 

Increases in blood pressure with aging cause greater stress to conduit arteries, resulting in elastin 

degradation and greater arterial stiffness (740). Among middle-aged and older adults, increased 

arterial stiffness is more often a consequence, not a cause, of essential hypertension, compared to 

younger individuals where vascular remodeling in resistance vessels elicits increased blood 

pressure (741). Finally, due to the synergistic nature of blood pressure and arterial stiffness and 

integrity, interventions that report improvements in arterial stiffness almost always report 

reductions in systemic blood pressure, particularly among middle-aged individuals (742). Brunt 

and colleagues report a significant reduction in arterial stiffness only at the conclusion of 8 

weeks of hot water immersion among a young, healthy, but sedentary population (8). Utilizing a 

similar hot water immersion protocol in similarly young individuals who present with an 

increased cardiovascular disease risk profile, Ely and colleagues report no change in carotid-

femoral pulse wave velocity following heat therapy (9). Furthermore, chronic heating 

interventions among older adults with cardiovascular disease offer equally mixed findings. 

Akerman and colleagues report no change in ankle-brachial index among adults with peripheral 

arterial disease, despite significant reductions in blood pressure (10), while Debray, et. al., report 

no change to either blood pressure or pulse wave velocity following 8 weeks of sauna use in 
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adults with stable coronary artery disease (724). Our findings are consistent with the current 

literature which suggests that arterial stiffness is malleable among younger individuals, 

particularly those that are otherwise healthy, but is less so among middle-aged and older adults 

with established cardiovascular disease. Finally, without a requisite reduction in blood pressure 

as suggested previously (742), perhaps it is unsurprising that we do not report any reductions in 

pulse wave velocity in the present study.   

 We report significant improvement in peak oxygen consumption following exercise 

training. Accordingly, we are confident that our exercise intervention was an effective training 

stimulus. The exercise training intervention was designed to meet the recommendations for 

weekly aerobic exercise from the American College of Sports Medicine (5). Previous reports that 

utilize a similar intervention (40 min of treadmill exercise at 60% HRR) reported a significant 

reduction in ambulatory blood pressure, but not carotid-femoral pulse wave velocity (743). 

Similarly, a large meta-analysis of studies investigating the impact of exercise on blood pressure 

report that dynamic exercise is most effective in individuals with established hypertension (265). 

Interestingly, the greatest reductions in aerobic exercise were reported after short duration (≤4 

weeks) interventions with moderate-to-high intensity dynamic aerobic exercise (265). The 

present study utilized a longer (8-10 week) intervention, which may partially explain the lack of 

a change in blood pressure.  

 The hot water immersion intervention in the present study was designed with the 

intention of matching the time duration of the aerobic exercise training intervention. Perhaps 

contributing to the incongruence between our results and those previously published in our 

laboratory (8, 9) is the difference in heating load accumulated throughout the intervention. Brunt 

and colleagues utilized thirty-six 90min sessions over 8 weeks, while Ely and colleagues utilized 

thirty 60min sessions over the same time course. It is possible that with a greater frequency of 

heating, alone or in combination with a longer duration of each bout of heating, we would have 

demonstrated improvements in blood pressure as seen with these previous interventions.   

 

Limitations 

 The present study was not without limitations and considerations. Primarily, the duration 

of time to complete the prescribed intervention. The target time to complete the intervention was 

8-10 weeks, which corresponds to 3-4 sessions of either exercise or hot water immersion per 
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week. Several individuals did not complete their assigned intervention within this desired 

projected timeframe (maximum time to completion was 16 weeks). Despite this, all but two 

individuals (one exercise and one hot water immersion) completed all 30 sessions. Utilizing an 

intention-to-treat statistical model and study design, we have included all individuals in the data 

set for analysis, presented here.  

  

CONCLUSIONS 

 These data suggest that an aerobic exercise training intervention that meets the guidelines 

from the American College of Sports Medicine, while an effective training intervention for 

improving cardiorespiratory fitness, is not capable of improving known risk factors for 

cardiovascular disease, such as blood pressure and arterial stiffness. Despite compelling evidence 

that heat therapy is an effective intervention for lowering blood pressure and improving 

cardiovascular health, we report no impact of 30 sessions of hot water immersion on blood 

pressure, arterial stiffness, or cardiorespiratory fitness.  
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CHAPTER VI 

COGNITIVE FUNCTION AND ALZHEIMER’S DISEASE BIOMARKERS 

 

INTRODUCTION 

 Alzheimer’s Disease (AD) is the leading cause of dementia world-wide, with a diverse 

pathology that presents a challenge for identifying consistent and unifying biological signatures 

(744). In light of a larger aging population, the incidence of AD is projected to triple to 

approximately 14 million people in the United States alone by 2050, with a global financial 

burden in excess of $1 trillion (12, 745, 746). Amongst aging individuals, approximately 30 – 

50% of AD cases can be mitigated by addressing modifiable risk factors in mid-life (747). 

Hypertension represents once such modifiable risk factor for cardiovascular and cerebrovascular 

disease (200–203), and accentuates the already heightened risk for AD with advancing age (198, 

199). Indeed, even in the absence of AD, there is evidence for impaired cognitive function in 

individuals with hypertension (204–206), which is associated with an increased incidence of 

dementia in later life in a dose-dependent fashion (207–211).  

As a low-resistance, high-flow organ, the brain is highly susceptible to chronic high 

blood pressure, which may manifest as small vessel disease and volumetric changes to gray 

matter or white matter within the brain. The hippocampus is the primary site for encoding new 

memories in the brain; this is the primary site of reduction in volume that is associated with 

advanced aging and as well as AD (391, 392). Hippocampal atrophy is accelerated by 

hypertension, a reduction that is both progressive and cumulative, such that advancing age and 

duration of hypertension is associated with a greater reduction in volume (234, 393, 748). There 

is compelling evidence to suggest that increased pulsatile pressure associated with hypertension 

is intricately linked to greater volume of white matter hyperintensities, which can be visualized 

using magnetic resonance imaging and represent small vessel damage within the brain (191, 255, 

749). Accumulated volume of white matter hyperintensities are associated with the progression 

from mild cognitive impairment to overt dementia (750–752). Much the same as vascular and 

target organ damage in the periphery, large artery stiffness can exacerbate blood pressure-

mediate small vessel damage within the brain (191, 256). Small vessel damage compounds the 

decline in cognitive function and brain health through impairments in cerebral blood flow seen 

with hypertension (238–240). Among individuals with hypertension, regional and global cerebral 
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perfusion is reduced relative to their age-matched normotensive counterparts (238, 241), which 

has been identified as a hallmark of the initial stages of AD progression (753, 754).  

 Interventions aimed at improving blood pressure in middle-aged adults have the potential 

to improve both cardiovascular as well as neurodegenerative disease risk to a greater extent than 

those implemented later in life (261–263). Previous investigations have demonstrated that 

pharmacological reductions in blood pressure are associated with an improvement in risk factors 

for AD in individuals with hypertension, such as normalization of cerebral hypoperfusion (242, 

243). However, there are a dearth of lifestyle interventions among adults with high blood 

pressure but without documented mild cognitive impairment. There is a critical need to further 

explore lifestyle interventions that have the potential to delay the onset of cognitive decline and 

reduce Alzheimer’s Disease risk.  

Exercise training carries multifaceted benefits for not only cardiovascular disease risk, 

but also for brain health (266). Longitudinal exercise training interventions are demonstrated to 

significantly increase both gray matter and white matter in the prefrontal and temporal corticies 

among older adults compared to non-exercising age-matched controls (755), and are associated 

with increased hippocampal size and an attendant improvement in memory function (395). 

Furthermore, there is limited data to suggest that aerobic exercise training may attenuate white 

matter hyperintensity progression among individuals with mild cognitive impairment (756). In 

this investigation from Dao and colleagues, aerobic exercise training was effective at slowing 

white matter hyperintensity progression among males but not females (756). 

At present, there is limited but compelling data that lifelong traditional Finnish sauna use 

is associated with a reduced risk for dementia, even after adjustment for potential confounding 

factors such as socioeconomic status, lifestyle, and metabolic risk factors (267–269, 587). 

Potentially contributing to the benefits of heat therapy on brain health and cognitive function are 

improvements in blood pressure and mitochondrial function, possibly mediated by heat shock 

proteins and centrally acting extracellular vesicles (270). Lastly, Bailey and colleagues report 

that 8 weeks of warm-water immersion can elicit similar improvements in cerebrovascular 

function as the same time course of exercise training (583).  

The purpose of this study is to determine whether 30 sessions of either aerobic exercise 

training or chronic hot water immersion is more effective at improving cognitive function and 

MRI-based biomarkers of Alzheimer’s Disease risk among middle-aged individuals with 
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untreated hypertension. We hypothesize that heat therapy will elicit greater improvements in 

cognitive function and biomarkers of Alzheimer's disease than aerobic exercise training.  

 

METHODS 

 The data presented here are a subset of a parent clinical trial comparing the efficacy of 

heat therapy and aerobic exercise training on lowering blood pressure in adults with untreated 

hypertension (clinicaltrials.gov identifier: NCT03557502). Prior to participation in this research, 

all participants provided written informed consent according to the Declaration of Helsinki. This 

protocol approved by the University of Oregon Institutional Review Board  

(protocol # 05042018.006).  

 Participants. Twenty-seven adults with elevated or high blood pressure (defined as 

systolic blood pressure ≥ 120 and/or diastolic blood pressure ≥ 80) volunteered to participate in 

this research. Inclusion criteria included individuals aged 35-60, systolic blood pressure between 

120 and 180 mmHg, diastolic blood pressure between 80 and 120 mmHg. Exclusion criteria 

included systolic blood pressure greater than 180 mmHg or diastolic blood pressure greater than 

120 mmHg; chronic cardiorespiratory or metabolic disease other than hypertension; abnormal 

resting or exercise electrocardiogram; currently taking antihypertensive medication; BMI ≥ 35 

kg/m2; fasting glucose ≥126 mg/dL; fasting hemoglobin A1c ≥7%; LDL ≥160 mg/dL; high 

levels of physical activity assessed according to the International Physical Activity Questionnaire 

(IPAQ); persons who are pregnant, nursing, or currently trying to conceive, aged 34 years or 

younger, or 61 years and older. Blood pressure was assessed in accordance with current 

American College of Cardiology and American Heart Association guidelines to confirm elevated 

to hypertensive blood pressure. Briefly, blood pressure was assessed ≥2 times on ≥2 days and 

averaged to determine hypertension classification. Specific to this protocol, individuals were 

unable to participate if they presented with current psychiatric conditions, have been unconscious 

for more than 15 minutes, have had 3 or greater losses of consciousness of 5 minutes or greater, 

have brain or spinal cord injuries, are unable to lie flat for ≥60 minutes, have any artificial or 

metal devices implanted, have been exposed to loose metal shavings or scraps, or are left handed. 

Subject characteristics can be found in Table 6.1. 
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 Aerobic Exercise (EX) Hot Water Immersion (HWI) 

n   12 (5F) 15 (5F) 

Age (years) 49 ± 7 47 ± 7 

Body Mass (kg • m-2) 31 ± 3 30 ± 4 

Systolic Blood Pressure (mmHg)  132 ± 12 128 ± 14 

Diastolic Blood Pressure (mmHg) 87 ± 7 84 ± 10 

Mini Mental State Exam Score  29 ± 1 29 ± 1 

Table 6.1. Subject characteristics for individuals who completed MRI-based imaging measurements. Values are 

means ± SD 

 

Exercise Training. Aerobic exercise training consisted of 30 sessions on an upright 

stationary cycle ergometer (Precor UBK 600, Woodinville, WA, USA) over 8-10 weeks, at a 

frequency of 3-4 sessions per week. This frequency and duration were selected to achieve the 

recommended minimum physical activity guidelines from the American College of Sports 

Medicine. Subjects arrived at lab in suitable clothing for exercise and were instrumented with a 

commercially available heart rate monitor (Polar Team Pro, Polar Electro, Lake Success, NY, 

USA). Heart rate was measured at baseline seated quietly on the exercise bike, as well as every 5 

minutes during exercise. Exercise sessions consisted of a 5-minute warm-up and cool-down at 

30% of heart rate reserve, with 40 minutes at our target intensity of 60% of heart rate reserve. 

Water was provided ad libitum during exercise.  

 Heat Therapy. Heat therapy consisted of 30 bouts of hot water immersion over 8-10 

weeks, at frequency of 3-4 sessions per week. Prior to immersion, subjects were instrumented 

with a commercially available heart rate monitor (Polar Team Pro, Polar Electro, Lake Success, 

NY, USA). Participants were immersed to mid-sternum in a commercially available hot tub set 

to 40°C for 45 minutes, with a 5-min cool-down seated outside of the hot tub. This heating 

intervention was modeled on previous interventions in our lab that demonstrated significant 

improvements in blood pressure and vascular function among both healthy individuals and 

women with polycystic ovary syndrome (8, 9). Furthermore, the duration of heating was time-

matched to the exercise intervention.  

Venous Blood Sampling. We obtained a venous serum sample via venipuncture and 

centrifugation. A fasted blood draw was performed from a suitable antecubital or dorsal hand 

vein into a serum separating vacutainer with a clot activator (BD Vacutainer, Becton Dickinson, 

Franklin Lakes, NJ, USA). Blood samples were allowed to clot upright at room temperature for 
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30 minutes. Samples were then centrifuged at 4°C and 1300 RCF for 10 minutes. Serum was 

then aliquoted into cryogenic tubes and frozen at -80°C until later analysis.  

Biochemical Analysis. We assessed serum Brain-Derived Neurotrophic Factor at baseline 

and following the intervention. Serum samples were diluted 100-fold so that samples fell within 

the range of the standard curve, as per manufacturer’s instructions. Serum BDNF was quantified 

via Rapid™ enzyme-linked immunosorbent assay (Biosensis, catalog # BEK-2211, Thebarton, 

Australia).    

Cognitive Function Testing. All participants completed the Mini Mental State 

Examination during the screening process and prior to randomization (757, 758). The MMSE 

was completed only at baseline to ensure subjects were not cognitively impaired prior to the 

intervention, and assess eligibility for participation in the imaging component of this research. 

 In addition to the MMSE, all participants completed the Blueprint-funded NIH Toolbox 

for Assessment of Neurological and Behavioral Function. We assessed both episodic memory 

and working memory using picture sequence and list sorting tasks, respectively. Both working 

memory (659–661) and episodic memory assessments (662–664) have been validated for use in 

adults as well as across the lifespan.  

Lastly, all participants completed the Pittsburgh Sleep Quality Index (PSQI) at baseline 

as well as after the completion of all 30 sessions (759). The PSQI has been validated in healthy 

young as well as older adults (760). Furthermore, PSQI score has been shown to be strongly 

associated with prevalence as well as future development of hypertension (761). This index was 

included so that researchers may account for potentially confounding changes in sleep from the 

beginning to the end of the intervention. 

Magnetic Resonance Imaging. Participants completed a baseline session of magnetic 

resonance imaging prior to randomization as well as after completion of all 30 sessions of either 

exercise or heat therapy. Post-intervention image acquisition was completed ≥48 hours following 

the final exercise or hot water immersion session to prevent any acute impact of these stressors 

on perfusion-based imaging metrics. 

Upon arrival to the Lewis Center for Neuroimaging, participants completed a second 

safety questionnaire to ensure adequate compliance with the necessary safety protocols prior to 

magnetic resonance imaging. For the present study, we conducted an MRI scan sequence lasting 

approximately 1 hour. All scans were conducted at the Lewis Center for Neuroimaging at the 
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University of Oregon using a 3T MRI machine using a Siemens 32-channel head coil with 

optimized sequences (Siemens Skyra, Erlangen, Germany).  

High-resolution (1.0 x 1.0 x 1.0 mm) T1-weighted brain images were acquired using a 

3D magnetization-prepared rapid gradient echo imaging protocol (679), TR/TE/TI = 

2500ms/3.43ms/1100ms, FOV= 256mm, matrix size = 256x256, with 176 contiguous slices in 

ascending fashion. Furthermore, T2 sagittal turbo spin echo images (1.0 x 1.0 x 1.0 mm isotropic 

voxel resolution) were acquired with 192 slices per slab in ascending fashion. 

To assess white matter hyperintensities, we employed Fluid Attenuated Inversion 

Recovery in the axial plane, TR/TI/TE = 9000ms/113ms/2500ms, 1.0mm x 1.0mm x 2.5mm 

resolution, parallel imaging with a flip angle of 120°. 

 Arterial spin labelling was acquired using simultaneous multi-slice 2D echo-planar 

imaging for high spatial resolution whole-brain pseudo-continuous arterial spin labelling 

(pcASL) imaging. Images were acquired with 2.5mm in-plane resolution with 60 2.27mm thick 

slices with a 10% slice gap, and 5 post labelling delays (PLDs: 0.2, 0.7, 1.2, 1.7, 2.2). 

 Hippocampal volume was assessed using T2- oblique coronal turbo spin echo imaging 

with 0.39mm x 0.39mm x 2.0 mm voxel resolution, TR/TE = 13520ms/88ms, echo train length = 

15ms, bandwidth = 222Hz/pixel, echo spacing = 11.1ms, FOV = 220mm, 65 slices, with a flip 

angle = 150°. Hippocampal volume was segmented and corrected for total intracranial volume 

for comparisons before and following each intervention. Structural MRI TSE sequences were 

analyzed using FreeSurfer (version 6.0.0; freely available at 

https://surfer.nmr.mgh.harvard.edu/fswiki/FreeSurferWiki) using automatic segmentation of 

hippocampal subregions (762–767). This analytical pipeline has been well-documented 

elsewhere (764, 768). Briefly, the cortical thickness of subregions in the hippocampus and 

volumetric assessments were calculated using this automated tool as part of the HC segmentation 

protocol. FreeSurfer derives a frequency histogram of possible structures (defined by the spatial 

template prior) and used this to compute the probability of a given anatomical label occurring at 

a given location (765). The probabilistic labels and corresponding predicted image intensities are 

priors, and the intensity similarity between the target image and the atlas is a likelihood term. 

The resulting subregional thickness values were used in statistical calculations. In order to 

calculate the intracranial head size for normalizing hippocampal thickness values, we used 

FreeSurfer on whole brain T1-weighted scans to calculate the estimated total intracranial volume 
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(ETIC). This software suite used tissue contrast to determine the boundary between GM, WM, 

and the pial surfaces to calculate the difference between vertices plotted as a mesh surface for 

each layer across the entire cortex. After the automated portion of the FreeSurfer pipeline was 

completed, each subject's scan was visually checked for accuracy. 

Image Analysis. White matter hyperintensities were assessed using Schelten’s Scale 

applied to T2 and FLAIR images (682, 683). From this, whole-brain white matter scores were 

calculated, and log transformed for subsequent analyses. Arterial spin labelling was analyzed 

according to the most recently released system parameters of the Human Connectome Project – 

Aging (681). In order to most accurately account for changes in arterial transit time documented 

with aging (684), multiband echo planar imaging was used in conjunction with 5 post-label 

delays. Anatomical images were pre-processed using Free Surfer (7.4.1., Harvard University, 

Cambridge, MA, USA). DICOM files corresponding to each post-label delay were converted to 

NIfTI and merged prior to analysis using BASIL (Bayesian Inference for Arterial Spin 

Labelling; v.6.0.1, University of Oxford, Oxford, UK). BASIL allows researchers to quantify 

resting gray and white matter perfusion, with corrections for bolus duration, post-label delay, and 

partial volume correction using dual-orientation anatomical calibration images. 

Statistical Analysis. Participant characteristics were analyzed using an unpaired, two-

tailed Student’s t-test and are presented as means ± SD. Data are presented as mean of the 

difference from PRE to POST with 95% CI for both exercise (EX) and heat therapy (HT). 

Preliminary analysis of primary outcome variables was analyzed using a two-way repeated 

measures analysis of variance. Repeated measures were compared within EX and HT, and non-

repeated measures were conducted between groups. In the event of a significant main effect, 

post-hoc testing was conducted using the Sidak analysis for multiple comparisons. Statistical 

analysis was performed in GraphPad Prism 10.1.0 (GraphPad, Dotmatics, San Diego, CA, USA). 

Significance was accepted as p<0.05.  

 

RESULTS 

  A total of 27 participants from the parent clinical trial completed this protocol. 

Participant anthropometric, demographic, and group distribution data can be found in table 6.1.  

Gray matter perfusion was not impacted by either aerobic exercise (5.5 [-3, 13]; p=0.196) 

or heat therapy (2 [-5, 9]; p= 0.743; Figure 6.1A). White Matter perfusion was not impacted by 
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either aerobic exercise (0 [-4, 5]; p=0.993) or heat therapy (-1.57 [-5, 3]; p=0.56; Figure 6.1B). 

Mean arrival time in gray matter was not impacted by either exercise training (0.03 [-0.03, 0.09]; 

p=0.37) or heat therapy (0.03 [-0.03, 0.08]; p=0.41; Figure 6.1C). Mean arrival time in white 

matter was not changed following either exercise training (0.01 [-0.05, 0.07]; p=0.89) or heat 

therapy (0.02 [-0.03, 0.08]; p=0.52; Figure 6.1D).   

 

Hippocampal volume was not significantly impacted by either aerobic exercise training (-

47 [-123, 30]; p=0.29) or Heat Therapy (-4 [-73, 64]; p=0.98; Figure 6.2). Serum brain-derived 

neurotrophic factor was not changed following either exercise training (-9 [-40, 23]; p=0.75) or 

heat therapy (1.3 [-29, 32]; p=0.99; Figure 6.3). 
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Absolute white matter hyperintensity volume was not impacted by aerobic exercise 

training (63 [-68, 194]; p=0.46), but was significantly greater following heat therapy (126 [9, 

243] p=0.03; Figure 6.4A). Normalized white matter hyperintensity volume was not different 

following either exercise (-0.5 [-1.3, 0.4]; p=0.38) or heat therapy (-0.1 [-0.9, 0.7]; p=0.94; 

Figure 6.4B).   

 
 

 Sleep quality, as assessed by the PSQI, was not different following either exercise (0 [-3, 

2]; p=0.90) or heat therapy (0 [-2, 1]; p=0.84; Figure 6.5A). Working memory was not improved 

following either exercise (4 [-7, 16]; p=0.61) or heat therapy (1 [-9, 11]; p=0.98; Figure 6.5B). 
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Lastly, episodic memory was not improved following either exercise (7 [-11, 25]; p=0.57) or 

heat therapy (6 [-10, 22]; p=0.61; Figure 6.5C).   

 

 
 

 

 

 

 

 

 

 



 

144 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Table 6.2. Structural and perfusion data for both groups pre- and post-intervention. Data are presented as mean 

[95% CI].  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Table 6.3. Cognitive function data (list sorting and picture sequence from NIH toolbox). As well as Pittsburgh Sleep 

Quality Index scores for both groups pre- and post-intervention. Data are mean [95% CI].  

Variable Group PRE POST 

Hippocampal 

Volume (mm3) 

EX 
6767 

[6270, 7264] 

6720  

[6213, 7227] 

HT 
7189 

[6822, 7557] 

7185 

[6799, 7572] 

White Matter 

Hyperintensity 

Volume (mm3) 

EX 
1348 

[490, 2205] 

1410  

[536, 2285] 

HT 
1017 

[626, 1408] 

1413 

[697, 1589] 

Normalized 

White Matter 

Hyperintensity 

volume 

EX 
70 

[69, 72] 

70 

[68, 72] 

HT 
69 

[68, 70] 

69 

[68, 70] 

Gray Matter 

Perfusion 

(mL/100g 

tissue)  

EX 
60  

[49, 71] 

65 

[59, 71] 

HT 
66 

[59, 74] 

68 

[59, 79] 

White Matter 

Perfusion 

(mL/100g 

tissue) 

EX 
18 

[14, 22] 

19 

[16, 21] 

HT 
19 

[16, 22] 

17 

[15, 20] 

Mean Arrival 

Time in Gray 

Matter (s) 

EX 
1.28  

[1.2, 1.36] 

1.31 

[1.23, 1.39] 

HT 
1.24  

[1.2, 1.31] 

1.28 

[1.22, 1.34] 

Mean Arrival 

Time in White 

Matter (s) 

EX  
1.54  

[1.49, 1.59] 

1.55 

[1.52, 1.58] 

HT 
1.51 

[1.46, 1.55] 

1.53 

[1.49, 1.57] 

Variable Group PRE POST 

List Sorting 

Age Corrected 

Percentile  

EX 
55 

[34, 76] 

59  

[41, 77]  

HT 
60 

[41, 79] 

61 

[42, 78] 

Picture 

Sequence Age 

Corrected 

Percentile 

EX 
64 

[41, 82] 

71 

[54, 87] 

HT 
64 

[47, 81] 

70 

[56, 85] 

Pittsburgh 

Sleep Quality 

Index  

EX 
6 

[4, 9] 

6 

[3, 9] 

HT 
7 

[5, 8] 

6 

[4, 8] 
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DISCUSSION 

 Contrary to our hypothesis, neither 30 sessions of aerobic exercise training nor hot water 

immersion improve cognitive function or MRI-based biomarkers of Alzheimer’s disease among 

adults with untreated hypertension. The putative mechanisms that underlie hypothesized 

improvements are reductions in systolic blood pressure and arterial stiffness, and improvements 

in vascular endothelial function. In the absence of these beneficial adaptations to either 

intervention, it is unsurprising that we do not report improvements among our key MRI-based 

biomarkers of AD risk. Furthermore, the duration of this intervention was relatively short (8-10 

weeks) compared to other interventions aimed at improving brain health and cognitive function.  

 The macrovascular and hemodynamic changes associated with hypertension elicit a host 

of deleterious effects on the cerebral vasculature and cognitive function. Increased pulsatile 

pressure and subsequent increases in arterial stiffness are associated with small vessel damage in 

the brain, with implications for impaired cognitive function (191, 255, 749). Interventions aimed 

at lowering blood pressure and improving arterial stiffness have the potential to mitigate further 

declines in cerebrovascular health and cognitive function that are present with cardiovascular 

disease (205, 256, 260). Exercise is recognized as the primary lifestyle intervention for 

maintaining and improving brain health across the lifespan (266, 389, 769), but there is emerging 

experimental and prospective evidence to suggest that heat therapy may also promote beneficial 

adaptations for brain health (267, 270, 770).  

Aerobic exercise training has been demonstrated to attenuate age-related declines in 

hippocampal volume (395). Maintenance of hippocampal volume with advancing age appears to 

be driven in large part by exercise-mediated increases in brain-derived neurotrophic factor 

(BDNF). Interventions that increase BDNF expression and concentration during mid-life have 

high probability of maintaining brain health and cognitive function in later life (771). There is a 

strong body of evidence to suggest that aerobic exercise training is capable of eliciting robust 

increases in BDNF concentrations (380, 383, 389), and that serum BDNF concentration is related 

to hippocampal volume as well as memory task performance (654). However, there is also 

emerging evidence that repeated bouts of hyperthermia can elicit increases in serum BDNF in 

young, healthy adults (591, 593, 594). Kojima and colleagues report a significant increase in 

serum BDNF immediately and 15 minutes following head-out hot water immersion, compared to 

baseline as well as a thermoneutral water immersion condition (591). Serum BDNF 
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concentrations assessed 30 minutes post-immersion do not differ from pre-intervention baseline 

values, however, suggesting that increased concentrations may be short lived, and that repeated 

bouts of hot water immersion may be necessary to elicit comparable effects to exercise (591). 

Glazachev and colleagues report that repeated bouts of hyperthermia is capable of eliciting 

increases in serum BDNF concentrations (594). However, this intervention conducted 10 

sessions of whole-body far-infrared sauna condensed into 2 weeks (594). This is a considerably 

higher frequency of hyperthermia compared to our intervention and may partially explain the 

incongruence between our findings and those reported by Glazachev and colleagues. In a longer 

intervention, Glazachev and colleagues report that 24 sessions of far-infrared sauna is capable of 

increasing serum BDNF to a greater extent than 24 sessions of light-intensity exercise (593). 

While the timeline of this intervention more closely mirrors the intervention of the present study, 

the authors utilized a young, healthy population, compared to our population of adults with 

untreated hypertension. At present, there is a paucity of evidence regarding the efficacy of 

chronic passive heating to elicit improvements in serum BDNF in adults with untreated essential 

hypertension.  

 Erickson and colleagues report a significant relationship between the increase in 

cardiorespiratory fitness and the increase in hippocampal volume following exercise training, 

and that higher baseline fitness was associated with attenuated loss of hippocampal volume 

during a 1-year follow-up period (395). While these data are compelling and we do report a 

significant increase in cardiorespiratory fitness following our exercise intervention, the duration 

of our protocol (8-10 weeks) may not be of sufficient duration to elicit increases in hippocampal 

volume similar to those reported previously (395).  

 There appears to be a direct linear relationship between a history of high blood pressure 

and severity of white matter hyperintensities (249, 772, 773). Previous data suggests that 

hypertension at baseline is associated with significantly greater risk for severe white matter 

hyperintensities at a 4-year follow-up assessment compared to normotensive controls (249). 

Additionally, normotension and pharmacological control of blood pressure was associated with 

reduced WMH compared to established and incident hypertension during the follow-up period 

(249). Investigations of WMH volume and severity are often conducted among older adults, who 

have the potential for a greater number of years of accumulated high blood pressure, potentially 

influencing these previous findings. Our intervention was conducted among adults between 35 
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and 60 years old, with a varied duration of high blood pressure. We did not anticipate that either 

intervention would decrease white matter hyperintensity volume, but rather might prevent the 

further accumulation of white matter hyperintensities, insofar as previous research indicates that 

greater white matter hyperintensity volume is associated with progression from mild cognitive 

impairment to overt dementia (751, 752). To that end, while we report a significant increase in 

absolute WMH volume in the heat therapy group, this difference is not substantiated when 

WMH volume is log transformed and normalized to whole brain WMH score. Lastly, these data 

were collected from a relatively small cohort, which is more susceptible to influence by a single 

subject. It is likely that the finding of increased absolute white matter hyperintensity volume 

would not be substantiated in a larger cohort.  

 Long-term hypertension is associated with vessel damage that results in maladaptive 

hypertrophy, decreasing lumen diameter and resulting in a reduction in cerebral blood flow 

(774). Our hypothesis that heat therapy would result in greater improvements in MRI-based 

biomarkers of AD risk was formulated based on previous data to suggest that heat therapy can 

elicit improvements in blood pressure and endothelial function (8, 9, 434). In the absence of 

changes in our measurements of hemodynamic and vascular function, it is unsurprising that we 

report no changes in either gray matter or white matter perfusion following either intervention. 

Previous data reporting an increase in cerebral blood flow with pharmacological control of blood 

pressure measure total cerebral blood flow (242, 243), which is not necessarily congruent with 

gray and white matter perfusion. Despite no reported improvement in blood pressure with either 

intervention, there tended to be a significant main effect of time among measurements of gray 

matter perfusion, although the difference failed to reach significance. Beneficial increases in gray 

matter perfusion following both exercise and heat therapy among middle-aged adults with 

untreated hypertension remains an exciting area of future research, particularly among those that 

are at an increased risk for AD.  

Poor sleep quality, quantified using the Pittsburgh Sleep Quality Index (PSQI), is an 

independent predictor of hypertension (674–676). A higher PSQI score, indicating worse sleep, 

was associated with over a two-fold higher risk for hypertension compared to those with higher 

quality sleep (675). Poor sleep quality, particularly in midlife, is associated with worse episodic 

memory task performance as well as increased risk for cognitive decline in later life (677, 678). 

The PSQI, our subjective assessment of sleep quality, also did not differ following either 
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intervention. There have been several reports that have explored the casual and correlative 

relationship between sleep quality and hypertension (674, 676, 761), with the conclusion that 

poorer quality sleep is significantly associated with worse blood pressure and cardiovascular 

health. The PSQI is a subjective survey of sleep quality, and perhaps the lack of change in PSQI 

score during this study should be expected considering no change in either ambulatory or clinic 

blood pressure. We similarly report no changes in performance on assessments of episodic or 

working memory, assessed using the NIH toolbox picture sequence and list-sorting tasks, 

respectively. Despite the reported validity of the NIH toolbox across the lifespan (660, 663, 664), 

there is considerable variability in the data (Figures 6.5B and 6.5C) which may speak to subject 

motivation to complete the task to the best of their ability, rather than a reflection in changes to 

working and episodic memory following either intervention.  

 

Limitations 

The present study is not without its limitations. Perhaps chiefly among them is that we 

did not collect any measurements of stress, subjective or otherwise, in conjunction with baseline 

and post-intervention magnetic resonance imaging and blood pressure assessments. Stress 

undoubtedly has a negative impact on cognitive function and memory tasks (775). Given the 

duration of this intervention, an assessment of stress would have potentially informed our 

findings regarding cognitive function testing and biomarkers of Alzheimer’s Disease biomarkers. 

The timeline of this intervention may have influenced these results. We selected the 

frequency and duration of exercise and heating sessions based on previous research within our 

lab that was sufficient to promote beneficial improvements in blood pressure and arterial health 

(8, 9). The most compelling longitudinal studies surrounding exercise and brain health often 

target interventions that are between 6 and 12 months, with multi-year follow-up periods (395, 

755). Our hypothesis was well-founded in previous reports of the efficacy of heat therapy; 

however, those adaptations were not substantiated in the present study. It is possible that with a 

longer duration intervention, or perhaps a higher heating and exercise load, we may have seen 

improvements in cognitive function and biomarkers of AD risk in this population.  
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CONCLUSION 

These data indicate that 30 sessions of either exercise training or heat therapy are not 

sufficient to improve common biomarkers of cognitive function and Alzheimer’s disease among 

adults with untreated hypertension. Despite compelling data on the documented benefits of 

exercise (389, 769, 776) and suggested benefits of heat therapy (270, 583) for cognitive function 

and cerebrovascular health, the present intervention was not sufficient to impact measures such 

as hippocampal volume, white matter hyperintensity volume, gray and white matter perfusion, or 

assessments of working and episodic memory. Despite these findings, the use of heat therapy for 

improving cerebrovascular health and Alzheimer’s disease risk remains an exciting area of 

research. Future studies should examine the role of a greater dose of heating, either longer 

duration of session or a longer course of heat treatment, to quantify the potential impact of heat 

therapy on these biomarkers.  
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CHAPTER VII 

 

SUMMARY AND FUTURE DIRECTIONS 

 

 Heat therapy remains an emerging and exciting area of research, with a greater number of 

studies investigating the physiological responses and attendant adaptations to repeated bouts of 

hyperthermia. To date, there has been compelling data that demonstrates the vascular benefits of 

heat therapy among healthy populations (8), women with polycystic ovary syndrome (9), as well 

as individuals with peripheral arterial disease (10). This dissertation expanded upon these 

previous investigations by applying this intervention to individuals with essential hypertension. 

The impetus for this research was to compare the efficacy of heat therapy as a therapeutic tool 

for improving blood pressure compared to the current non-pharmacological gold standard, 

aerobic exercise.  

 The findings in Chapter IV indicate that neither aerobic exercise training nor chronic hot 

water immersion at the doses prescribed in the present study can improve 24-hour ambulatory 

blood pressure. Mechanistic studies of heat therapy in any form (e.g., traditional dry sauna, far 

infrared sauna, or hot water immersion) is in its infancy, and there has yet to be compelling data 

showing that these interventions reduce ambulatory blood pressure, despite promising reductions 

in clinic blood pressure assessments (9, 10). Is it possible that the lack of a reduction in 

ambulatory blood pressure is related to the disparity in heat load between our intervention and 

previous interventions that have reported significant reductions in blood pressure. Furthermore, 

we report no significant improvements in any markers of renal function following either 

intervention. The individuals included in this research met the inclusion criteria that stipulated no 

additional overt cardiometabolic disease other than hypertension (e.g., no diagnosed coronary 

artery disease, type II diabetes, or peripheral arterial disease), and were not currently taking 

medication to lower their blood pressure. Most interventions related to improvements in kidney 

function have studied individuals with known risk factors for or overt chronic kidney disease. 

We excluded individuals with these comorbidities, save hypertension. As such, it is possible that 

the lack of reduction in blood pressure obscured any measured improvements in albumin 

excretion or estimated glomerular filtration rate. Furthermore, improvements in biomarkers such 

as urine albumin excretion are often related to improvements in vascular endothelial function. 
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The ability of heat therapy to improve endothelial health and function is promising in younger 

individuals (8, 9, 583), but is less consistent among middle-aged and older individuals with 

cardiovascular disease (10, 724).  

 The findings in Chapter V are contrary to our hypothesis. We hypothesized that heat 

therapy would elicit greater reductions in blood pressure than aerobic exercise training in part 

because of the results of Ely, et. al., who reported significant reductions in systolic and diastolic 

blood pressure following chronic hot water immersion in women with polycystic ovary 

syndrome, a population characterized in part by high blood pressure and elevated cardiovascular 

disease risk (9). Furthermore, we report no significant differences between or within groups for 

pulse wave velocity, our measurement of arterial stiffness. Similar to improvements in 

endothelial function, there is an emerging body of literature to suggest that middle-aged and 

older individuals or those with cardiovascular disease, present with minimal to no change in 

arterial stiffness following heat therapy (9, 10, 724). Lastly, we report no significant differences 

between or within groups for the potential molecular and cellular mediators of essential 

hypertension assessed here, including C-reactive protein, endothelin-1, or IL-6. These 

biomarkers were selected for their role as molecular or cellular signature that underlies the 

improvement in hemodynamic and vascular health following heat therapy. Without changes in 

our key outcome variables of blood pressure or arterial stiffness, it is unsurprising that we report 

no changes in each of these biomarkers.  

 The findings in Chapter VI do not support our hypothesis that hot water immersion would 

result in greater improvements in cognitive function and known biomarkers of Alzheimer's 

Disease than aerobic exercise training. Analogous to the minimal improvements in kidney 

function, it is possible that the lack of improvement in cognitive function and brain health is due 

to the lack of change in blood pressure with either intervention. Previous reports have suggested 

that upregulation of molecular pathways may play a causal role in the prevention of AD with 

heat therapy (270). These molecular mechanisms may act synergistically with demonstrated 

improvements in vascular health following chronic passive heating, such as endothelial function 

(8, 545), arterial stiffness (8), and blood pressure (9, 10) to reduce the risk for AD among adults 

with untreated hypertension. Cardiovascular disease and Alzheimer’s Disease take decades to 

manifest. While the present study was a significant undertaking to conduct in a supervised 
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laboratory setting, its relatively short duration (8-10 weeks) may not be sufficient to impact the 

AD biomarkers of interest measured here.  

 While exposures to heat stress is an ancient practice with cultural roots, there remains to 

be a consensus on the minimum effective dose of heating among healthy as well as diseased 

populations. Although previous literature has shown success with regard to improving 

cardiovascular (8, 9, 448), as well as metabolic health (494, 531) following heat therapy, these 

findings have not been consistently replicated across all populations and heating modalities. 

Specifically, there appears to be a critical window within which heat therapy is most effective for 

imparting beneficial improvements in cardiovascular and metabolic health. The most profound 

reports of the benefits of heat therapy have been reported among younger and mostly healthy 

individuals (8, 9, 485, 524, 583). Laukkanen and colleagues, in a large prospective cohort 

analysis of the impact of Finnish Sauna on fatal cardiovascular events and all-cause mortality, 

report that the greatest risk reduction occurs with very frequent sauna use, with a prolonged 

duration for each session. Sauna use is a cultural phenomenon in Finland, which perhaps helps to 

inform the interpretation of the growing body of literature surrounding heat therapy. Heat 

therapy may be an effective tool for maintaining cardiovascular health among healthy persons 

and an effective intervention in the prodromal period of cardiovascular disease but is limited in 

its ability to combat established cardiovascular disease.  

Like many patient populations (e.g., peripheral arterial disease), there are varying degrees 

of hypertension. In the present study, there was a range of blood pressures represented, including 

elevated, stage 1, and stage 2. Logically, a higher resting blood pressure has a greater potential to 

be reduced compared to resting blood pressure closer to normotensive values. It is possible that 

individuals with stage 2 hypertension require a greater heat stress or exercise load than the 

protocol employed in the present study. To wit, sauna bathing 4-7 times per week or ≥19 minutes 

per session is associated with the greatest risk reduction for all-cause mortality and sudden 

cardiac death, as reported by Laukkanen and colleagues (7). Future investigations should 

examine the interaction between the degree of hypertension and heat stress required to evoke 

physiologically relevant improvements in cardiovascular health. For instance, perhaps 

individuals with stage 2 hypertension require a long duration or more frequent heat exposure to 

obtain previously reported benefits (8–10). This agrees with recently published data to suggest 
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that those with cardiovascular disease may present with limited or no cardiovascular benefits 

following chronic passive heating (10, 724).  

Exercise training interventions, both experimentally and ecologically, are driven by the 

F.I.T.T. Principle, which refers to the frequency, intensity, time, and type of exercise. 

Permutations among each of these four parameters allow for tailored exercise programming as 

dictated by the population as well as desired outcomes. Heat therapy, while utilized culturally 

with empirical benefits for thousands of years, has only recently emerged as a therapeutic 

intervention for improving common cardiovascular and metabolic risk factors for chronic disease 

in a manner ostensibly like exercise. It is prudent to continue to examine the pillars of the 

F.I.T.T. principle as they apply to heat therapy to improve their utility across a variety of 

populations and modalities. By way of example, previous studies have demonstrated the benefits 

of traditional sauna (7, 267, 438), far-infrared sauna (448, 451, 457, 463), repeated short wave 

diathermy (500, 501), as well as hot water immersion (8–10). Despite this body of evidence, the 

data presented here do not support these previous reports, perhaps due to the present intervention 

failing to achieve some minimal effective dose of heating. For instance, Brunt and colleagues 

demonstrated a 5 mmHg decrease in mean arterial pressure against a cumulative heat load of 

3,240 minutes over the course of the intervention (36 sessions at 90 minutes/session). Ely and 

colleagues demonstrated more profound reductions in systolic and diastolic blood pressure 

against a lower, but still substantial, heat load of 1,800 minutes (30 sessions at 60 

minutes/session). From this perspective, our intervention was more similar to those of Akerman 

et al. (10) and Thomas et al. (11), each employing a modest heat load of 30 minutes for 3-5 

sessions per week for a total of 12 weeks, albeit in a different population (individuals with 

peripheral arterial disease). Our intervention consisted of thirty 45-minute sessions with a target 

time-to-completion of 8-10 weeks, for a total heat load of 1,350 minutes.  

Perhaps the most salient takeaway from these studies is that the minimum effective dose 

of heating is higher for individuals with overt cardiovascular disease or common risk factors. 

While these data did not support our hypotheses, they effectively help to address the pillar of 

“time” from the F.I.T.T. principle as adapted from exercise. Future permutations of heat therapy, 

varied in either population, modality, or physiological outcome, should consider the F.I.T.T. 

principle as a component of study design. The concept of physiological “non-responders” to 

exercise training is controversial (6, 777, 778). Previous research has argued that responders are 
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oftentimes the result of poor experimental design and the lack of a completely non-experimental 

control group (779). Perhaps more relevant to this study is the position that non-responders 

simply require a higher dosage of the prescribed intervention to elicit sufficiently relevant 

physiological change (778). Previous research that has demonstrated greater improvements in 

blood pressure following heat therapy in clinical populations achieved these results in part 

through greater compliance to heat therapy than exercise training (10). Greater compliance and 

subjective subject reports of improved quality of life are encouraging and suggest that heat 

therapy is an effective lifestyle intervention across a wide range of populations.  

The design of this research was such that it achieved the aerobic physical activity 

recommendations from the American College of Sports Medicine, with a parallel arm of time-

matched hot water immersion. Furthermore, we ensured near-complete compliance (1 subject per 

group completed 27/30 sessions). Despite these considerations, we fail to report any significant 

differences between or within groups for our primary outcome variables across our three aims. 

There is limited, moderately compelling data to suggest that a combined exercise and heat 

therapy intervention may offer benefits beyond either intervention independently (441). The 

combination of exercise and heat therapy is problematic as it allows for the accumulation of a 

higher “dose” of stress when compared to either intervention by itself. Despite this possible 

experimental design flaw, an investigation comparing exercise, hot water immersion, and a 

combined group would be a worthwhile undertaking.  
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