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LAY ABSTRACT  

 

Regular participation in whole-body heat therapy can extend health and life span, but it is 

used infrequently because of a lack of feasibility  from a cost, accessibility, and 

tolerability standpoint. This thesis explored whether local heat therapy in young healthy 

men and women would be effective for improving blood vessel health defined as 

endothelial function and arterial stiffness, both of which are linked to the risk of 

developing many chronic diseases. Furthermore, the effects of local heat therapy were 

compared to that of exercise training. We found that there were beneficial short- and 

long-term effects of lower limb hot water immersion that manifested in different areas of 

the body. Local heat therapy improved upper limb endothelial function and lower limb 

arterial stiffness immediately after a session, whereas with repeated exposure, it may have 

improved central arterial stiffness and cardiorespiratory fitness. Exercise training only 

had beneficial effects on the blood vessels when combined with heat therapy. Finally, 

short-term vascular responses can predict long-term vascular responses to both heat 

therapy and/or exercise training. Overall, our findings suggest that there may be some 

utility for local heat therapy to promote healthy blood vessels, but more work must be 

done to replicate our findings and explore its effects on other populations.  
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ABSTRACT 

 

Heat therapy may be an alternative or adjunct intervention to exercise training for 

improving cardiovascular function and health. However, its prescription must be refined 

in order to overcome the feasibility and tolerability issues associated with current whole-

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

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

body modes, but there is limited knowledge on whether lower doses of heating 

administered through local hot water immersion of the limbs can still have an impact on 

vascular function. 

All studies were conducted in heathy young men and women. In the first study, 

we found that regardless of whether local heating was applied to the lower limbs up to the 

ankles or knees, upper limb endothelial function and lower limb arterial stiffness 

improved acutely. In the second study, we proceeded to prescribe ankle-level heating in a 

chronic intervention and compared its effects to that of moderate-intensity cycling 

exercise training. We observed no changes in endothelial function, but decreases in 

central arterial stiffness and increases in cardiorespiratory fitness in those who performed 

heat therapy and exercise training combined with heat therapy. In the third study, we 

evaluated the ability of acute vascular function responses to predict chronic vascular 

function responses with heating and exercise interventions, and found significant positive 

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

artery flow-mediated dilation and femoral-foot pulse wave velocity. 
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These findings suggest that, in healthy young men and women, local heating 

through ankle-level hot water immersion can improve indices of cardiovascular function 

both acutely and chronically, alone or combined with exercise training. Further, acute 

responses may be used to determine an individualôs chronic responsiveness to a heat 

therapy and/or exercise training intervention. More research in larger, more diverse 

samples and with a longer duration of therapy and/or training should be conducted to 

determine if the results are replicable.  



DOCTOR OF PHILOSOPHY (2023)  McMaster University 

(Kinesiology)  Hamilton, Ontario 

 vi 
 

ACKNOWLEDGEMENTS  

There is a piece of this thesis for every individual who supported me through my PhD. 

 

In particular, I would like to thank my supervisor Dr. Maureen MacDonald. For 8.5 years, 

you have been my academic mentor; but what people donôt know is that you have also 

served as my therapist (tears ï lots of them), my organizational enabler (Moleskines ï lots 

of them), and my research mom (solo adventures that may have stressed you out ï n=2, 

Amsterdam and Perth). In return, I have been: a handful. Thank you for letting me have 

free reign over every exciting and creative decision Iôve ever had to make in science. 

Thereôs no one else I would have rather been on this rollercoaster of a ride with. 

 

To my committee members: Dr. Gianni Parise and Dr. Philip Millar. Thank you for all the 

constructive criticism, insights, and suggestions you provided on both the design of my 

studies and the interpretation of my findings. As a stubborn individual who suffers from 

deeply entrenched impostor syndrome, I cannot emphasize just how much your 

affirmations of my progress and achievements spurred me on. 

 

To my external examiner Dr. Chris Minson, whose studies served as the inspiration for 

my doctoral dissertation, thank you for laying the groundwork in this exciting area of 

research. 

 

I would like to thank the members of the Vascular Dynamics Lab, specifically: 

¶ Those who paved the way and fostered my passion for scientific discovery: Dr. 

Jason Au, Dr. Ninette Shenouda, Dr. Nicole Proudfoot, Stacey Priest 

¶ Those who followed in their footsteps: Sydney Valentino, Joshua Cherubini, Dr. 

Emily Dunford, Vanessa Rizzuto, Arya Raha, Dani Joshi, Matthew Badour, 

Khandra Barrett 

¶ The HEAT study team: Jennifer Williams, Dr. Sven Hoekstra, Joshua Turner, 

Kajeetha Sarvananthan, Mitchell Barran 

¶ The HEATEX study team: Christina Pizzola, Keira Mattook, Calvin Armstrong, 

Leena Bagri, Rachael Moorhouse, Connor Droog, Jasleen Gill, Nelani 

Paramanantharajah, Jenna Stone, Emily Van Berkel, Shantal Stade, Kenneth 

Noguchi 

 

To the kids (you know who you are) ï to the firstborn, the adopted, the emancipated, the 

problem children, the döpplegangers/twins, and everyone in between: You are, without a 

doubt, the great loves of this season of my life. I am so proud of the people that you are, 

especially in the compassion you give, the vulnerability you display, and the integrity you 

possess. Thank you for everything I cannot adequately put into words. 

 

To the rest of the Exercise Metabolism Research Group (EMRG) and Kinesiology 

Graduate Students Association (KGSA), past and present: I will cherish every wild and 

unbelievable story and shenanigan we all got up to together throughout the years. It has 



DOCTOR OF PHILOSOPHY (2023)  McMaster University 

(Kinesiology)  Hamilton, Ontario 

 vii 
 

been an absolute blast and Iôm so fortunate to be able to say Iôve made many lifelong 

friendships along the way. I would especially like to thank Fiona Powley and Giulia 

Coletta for their unwavering support. 

 

Thank you to Todd Prior, Dam Nguyen, and Greg Noseworthy for possessing all the 

technical know-how and expertise that I could never. This thesis would not have been 

possible without your contributions. 

 

To Dr. Sara Oikawa and Dr. Lauren Skelly, thank you for being guiding lights throughout 

every twist and turn. I am grateful for every home-cooked meal, 7:00 am group workout, 

book chat, and Americaôs Got Talent golden buzzer moments watch party. 

 

To my family: Thank you Dad (Manuel) and Mom (Lourdes) for the immeasurable 

sacrifice you made uprooting a life of comfort and stability  in the Philippines so that I can 

do what I love. Thank you Ahia (Jed) for always showing, by example, that life is short 

and nothing is ever that serious. And thank you Joy ï the baby and everyoneôs favourite 

family member. I dedicate this thesis to you. For as long as I can remember, you have 

been my #1 supporter. You truly believe I am a genius and always make me feel like Iôm 

the smartest person in the room. (So naturally I will not be introducing you to any other 

graduate students.) It has meant the world and I hope you know that my love for you 

knows no bounds. 

  



DOCTOR OF PHILOSOPHY (2023)  McMaster University 

(Kinesiology)  Hamilton, Ontario 

 viii 
 

TABLE OF CONTENTS  

Lay Abstractééééééééééééééééééééééééééééééiii 

Abstractééééééééééééééééééééééééééééééé...iv  

Acknowledgementsééééééééééééééééééééééééééé.vi 

Table of Contentsééééééééééééééééééééééééééé..viii 

List of Figuresééééééééééééééééééééééééééééé..x 

List of Tablesééééééééééééééééééééééééééééé..xi 

List of Abbreviationséééééééééééééééééééééééééé.xii 

List of Equationsééééééééééééééééééééééééééééxv 

Declaration of Academic Achievementéééééééééééééééééééxvi 

 

CHAPTER 1: Introductionééééééééééééééééééééééé...1 

1.1 Preambleéééééééééééééééééééééééééééééé.2 

1.2 Effect of heat stress on vascular outcomes in humanséééééééééééé...3 

1.3 Methods of arterial function assessmentééééééééééééééééé..14 

1.3.1 Assessment of endothelial functionéééééééééééééééé14 

1.3.1.1 Cardiac catheterizationéééééééééééééééééé15 

1.3.1.2 Venous occlusion plethysmographyééééééééééééé15 

1.3.1.3 Flow mediated dilationéééééééééééééééééé16 

1.3.1.4 Laser Doppler flowmetry and iontophoresisééééééééé...17 

1.3.1.5 Circulating factorsééééééééééééééééééé...17 

1.3.2 Assessment of arterial stiffnessééééééééééééééééé...18 

1.3.2.1 Arterial compliance, distensibility, and ɓ-stiffness indexéééé...19 

1.3.2.2 Pulse wave velocityééééééééééééééééééé.19 

1.3.2.3 Cardio-ankle vascular indexéééééééééééééééé20 

1.3.3 Assessment of arterial structureééééééééééééééééé..21 

1.3.3.1 Carotid intima-media thicknesséééééééééééééé..21 

1.4 Study objectives and hypotheseséééééééééééééééééééé.22 

1.5 Referencesééééééééééééééééééééééééééééé24 

 

CHAPTER 2: Improvements in vascular function in response to acute lower limb 

heating in young healthy males and femaleséééééééééééééééé.29 

 

CHAPTER 3: Effects of local heat therapy, aerobic exercise training, or combined 

training and therapy on vascular function in recreationally active young adults: a 

randomized controlled trialééééééééééééééééééééééé.46 

 

CHAPTER 4: Acute vascular function responses predict chronic vascular function 

responses to heating and exercise interventions in young, healthy recreationally 

active adultsééééééééééééééééééééééééééééé..98 

 

CHAPTER 5: Discussionééééééééééééééééééééééé...132 

5.1 Research questionsééééééééééééééééééééééééé.133 



DOCTOR OF PHILOSOPHY (2023)  McMaster University 

(Kinesiology)  Hamilton, Ontario 

 ix 
 

5.2 Contributions to existing knowledgeéééééééééééééééééé.135 

5.2.1 Development of a local heating protocolééééééééééééé..135 

5.2.2 Evaluating the effectiveness of local heat therapy and exercise training for 

chronic vascular function changeséééééééééééééééé136 

5.2.3 Determining the predictive ability of acute to chronic vascular function 

responsesééééééééééééééééééééééééé...136 

5.3 Limitations and considerationséééééééééééééééééééé..137 

5.3.1 Intervention protocolséééééééééééééééééééé...137 

5.3.2 Populationééééééééééééééééééééééééé.139 

5.3.3 Study design and methodological controlséééééééééééé...140 

5.4 Recommendations for future workééééééééééééééééééé142 

5.4.1 Study design to support large sample sizeséééééééééééé..142 

5.4.2 Sex, gender, race, and ethnicity-based differencesééééééééé...143 

5.4.3 Further refinements in heating prescriptionéééééééééééé..143 

5.4.4 Mechanistic focuséééééééééééééééééééééé..144 

5.5 Conclusionséééééééééééééééééééééééééééé145 

5.6 Referenceséééééééééééééééééééééééééééé..146 

 

Appendix A: Copyright permissionsééééééééééééééééééé154 

5.7 A1 American Physiological Society journals author rightsééééééééé...155 

  



DOCTOR OF PHILOSOPHY (2023)  McMaster University 

(Kinesiology)  Hamilton, Ontario 

 x 
 

LIST OF FIGURES 

CHAPTER 1: Introduction  

Figure 1. Assessment methods for common vascular structure and function 

outcomes 

Figure 2. Blood flow distribution at rest and during heat stress 

Figure 3. Potential control mechanisms for the effect of heat stress on the 

vasculature 

 

CHAPTER 2: Improvements in vascular function in response to acute lower limb 

heating in young healthy males and females 

Figure 1. Core and skin temperature responses to leg heating 

Figure 2. Shear rate responses to leg heating 

Figure 3. Endothelial function responses to leg heating 

Figure 4. Perceptual responses to leg heating 

 

CHAPTER 3: Effects of local heat therapy, aerobic exercise training, or combined 

training and therapy on vascular function in recreationally active young adults: a 

randomized controlled trial 

Figure 1. Study timeline and experimental protocols 

Figure 2. Participant recruitment flow diagram 

Figure 3. Vascular function responses to therapy and/or training 

Figure 4. Cardiorespiratory fitness responses to therapy and/or training 

 

CHAPTER 4: Acute vascular function responses predict chronic vascular function 

responses to heating and exercise interventions in young, healthy recreationally 

active adults 

Figure 1. Participant recruitment flow diagram 

Figure 2. Regression models for vascular function predictive analyses 

  



DOCTOR OF PHILOSOPHY (2023)  McMaster University 

(Kinesiology)  Hamilton, Ontario 

 xi 
 

LIST OF TABLES  

CHAPTER 2: Improvements in vascular function in response to acute lower limb 

heating in young healthy males and females 

Table 1. Participant characteristics 

Table 2. Hemodynamic responses to heating   

Table 3. Endothelial function 

Table 4. Arterial stiffness and blood markers 

Supplementary Table S1. Perceptual and temperature responses to heating 

Supplementary Table S2. Brachial artery blood flow and shear responses to heating 

Supplementary Table S3. Superficial femoral artery blood flow and shear responses to 

heating 

 

CHAPTER 3: Effects of local heat therapy, aerobic exercise training, or combined 

training and therapy on vascular function in recreationally active young adults: a 

randomized controlled trial 

Table 1. Participant characteristics  

Table 2. Cardiovascular function variables with therapy and/or training 

Supplementary Table S1. Characterization of intervention stimuli 

Supplementary Table S2. Body composition and skeletal muscle strength with therapy 

and/or training 

Supplementary Table S3. Thermoregulatory variables with therapy and/or training 

 

CHAPTER 4: Acute vascular function responses predict chronic vascular function 

responses to heating and exercise interventions in young, healthy recreationally 

active adults 

Table 1. Participant characteristics  

Table 2. Regression analyses 

Supplementary Table S1. Characterization of intervention stimuli 

Supplementary Table S2. Acute vascular function responses 

Supplementary Table S3. Chronic vascular function responses 

  



DOCTOR OF PHILOSOPHY (2023)  McMaster University 

(Kinesiology)  Hamilton, Ontario 

 xii 
 

LIST OF ABBREVIATIONS  

ACh Acetylcholine 

ACSM American College of Sports Medicine 

AD Arterial diameter 

AMPK AMP-activated protein kinase 

ANS Autonomic nervous system 

AUC Area under the curve 

BA Brachial artery 

BMI Body mass index 

BNP B-type natriuretic peptide 

BP Blood pressure 

CASRAI Consortia Advancing Standards in Research Administration 

Information 

CAVI Cardio-ankle vascular index 

CCA Common carotid artery 

cfPWV Carotid-femoral pulse wave velocity 

CHF Chronic heart failure 

CI Confidence interval 

cIMT Carotid intima-media thickness 

CO Cardiac output 

CON Control 

CONSORT Consolidated Standards of Reporting Trials 

CRediT Contributor Roles Taxonomy 

CVC Cutaneous vascular conductance 

CVD Cardiovascular disease 

DBP Diastolic blood pressure 

ECG Electrocardiogram 

eHSP72 Extracellular heat shock protein-72 

ELISA Enzyme-linked immunosorbent assay 

eNOS Endothelial nitric oxide synthase 

EX Exercise training 

ffPWV Femoral-foot pulse wave velocity 

FMD Flow-mediated dilation 

GLUT4 Glucose transporter type 4 

HEAT Heat therapy 

HEATEX Combined training and therapy 

HR Heart rate 



DOCTOR OF PHILOSOPHY (2023)  McMaster University 

(Kinesiology)  Hamilton, Ontario 

 xiii 
 

HSP Heat shock protein 

IL-6 Interleukin-6 

IMT Intima-media thickness 

IPAQ International Physical Activity Questionnaire 

IQR Interquartile range 

L-NAME NG-nitro-L-arginine methyl ester 

L-NMMA  N-methylarginine 

L-NNA Nɤ-nitro-L-arginine 

LDF Laser Doppler flowmetry 

MAP Mean arterial pressure 

MAUI  Measurements from Arterial Ultrasound Imaging 

MCP-1 Monocyte-chemoattractant protein-1 

mRNA Messenger ribonucleic acid 

MSNA Muscle sympathetic nerve activity 

NBW Nude body weight 

NF-əB Nuclear factor kappa B 

NO Nitric oxide 

PACES Physical Activity Enjoyment Scale 

PAR-Q+ Physical Activity Readiness Questionnaire 

PGC1Ŭ Peroxisome proliferator-activated receptor gamma coactivator 1-alpha 

PNS Parasympathetic nervous system 

PPO Peak power output 

PWV Pulse wave velocity 

SBP Systolic blood pressure 

SFA Superficial femoral artery 

SNP Sodium nitroprusside 

SNS Sympathetic nervous system 

SR Shear rate 

SS Shear stress 

SSNA Skin sympathetic nerve activity 

SV Stroke volume 

Tarm Arm skin temperature 

TC Thermal comfort 

Tc or Tcore Core temperature 

Tcalf Calf skin temperature 

Tchest Chest skin temperature 

Tfoot Foot skin temperature 

TS Thermal sensation 



DOCTOR OF PHILOSOPHY (2023)  McMaster University 

(Kinesiology)  Hamilton, Ontario 

 xiv 
 

Tsk or Tskin Skin temperature 

Tthigh Thigh skin temperature 

VO2peak Peak oxygen uptake 

WBSR Whole-body sweat rate 

 

  



DOCTOR OF PHILOSOPHY (2023)  McMaster University 

(Kinesiology)  Hamilton, Ontario 

 xv 
 

LIST OF EQUATIONS  

Equation 1. ὛὛ ὨώὲȾὧά  

Equation 2. ὛὙ ί  

Equation 3. ὊὓὈ άά Ὀ Ὀ  

Equation 4. ὊὓὈ Ϸ  ρππϷ 

Equation 5. ὠὥίὧόὰὥὶ ὧέὲὨόὧὸὥὲὧὩ άὰάὭὲϽάάὌὫϳ   

Equation 6. ὈὭίὸὩὲίὭὦὭὰὭὸώ ὧάȾάάὌὫ
  

 
 

Equation 7. ὖὡὠ άȾί  
  

 

Equation 8. ὛὧὥὰὩὨ ὊὓὈ άὩὥὲ Ὡ ρ ρππ 

Equation 9. ὛὧὥὰὩὨ ὊὓὈ ίὸὥὲὨὥὶὨ ὨὩὺὭὥὸὭέὲὩ ρ ρππЍὲ 

Equation 10. Ὕ Јὅ πȢσὝ πȢσὝ πȢςὝ πȢςὝ    

 

Equation 11. ὡὄὛὙ
 

  
 

 

Equation 12. ὄὊ “ὶ ὠ φπ 

where SS = shear stress, ɛ = blood viscosity, V = mean blood velocity, D = artery 

diameter, SR = shear rate, FMD = flow-mediated dilation, Dpeak = peak artery diameter, 

Dbase = baseline artery diameter, BF = blood flow, MAP = mean arterial pressure, r = 

radius, PP = pulse pressure, PWV = pulse wave velocity, EM = estimated means, SE = 

standard error, n = number of participants, Tskin = mean skin temperature, Tchest = chest 

skin temperature, Tarm = arm skin temperature, Tthigh = thigh skin temperature, Tcalf = calf 

skin temperature, WBSR = whole-body sweat rate, NBW = nude body weight. 

  



DOCTOR OF PHILOSOPHY (2023)  McMaster University 

(Kinesiology)  Hamilton, Ontario 

 xvi 
 

DECLARATION OF ACADEMIC ACHIEVEMENT  

 

FORMAT AND ORGANIZATION OF THESIS 

 

This thesis is prepared in the ñsandwichò format as outlined in the School of Graduate 

Studies Guide for the Preparation of Masterôs and Doctoral Theses. It includes a general 

introduction (chapter 1), three studies prepared in journal article format (chapters 2-4), 

and an overall discussion (chapter 5). At the time of thesis preparation, a portion of 

chapter 1 and all of chapter 2 were published in peer-reviewed journals and chapters 3 

and 4 were in preparation for submission. For all papers with multiple authorship, the 

contributions of the candidate and all co-authors are outlined below using the Consortia 

Advancing Standards in Research Administration Information (CASRAI) CRediT 

taxonomy (https://credit.niso.org/). 

 

 

Chapter 1.2 (Study 0): 

Cheng J.L. and MacDonald M.J. (2019). Effect of heat stress on vascular outcomes in 

humans. J Appl Physiol 126(3): 771-781. 

 

Contributions 

Conceptualization: JLC, MJM 

Data curation: JLC 

Formal analysis: Not applicable 

Funding acquisition: MJM 

Investigation: JLC 

Methodology: Not applicable 

Project administration: JLC, MJM 

Resources: MJM 

Software: Not applicable 

Supervision: MJM 

Validation: Not applicable 

Visualization: JLC 

Writing ï original draft: JLC 

Writing ï review and editing: JLC, MJM 

 

 

Chapter 2 (Study 1): 

Cheng J.L., Williams J.S., Hoekstra S.P., and MacDonald M.J. (2021). Improvements in 

vascular function in response to acute lower limb heating in young healthy males and 

females. J Appl Physiol 131(1): 277-289. 

 

Contributions 

Conceptualization: JLC, MJM 

Data curation: JLC 

https://credit.niso.org/


DOCTOR OF PHILOSOPHY (2023)  McMaster University 

(Kinesiology)  Hamilton, Ontario 

 xvii 
 

Formal analysis: JLC, JSW, SPH 

Funding acquisition: MJM 

Investigation: JLC, JSW, SPH 

Methodology: JLC, MJM 

Project administration: JLC 

Resources: MJM 

Software: Not applicable 

Supervision: MJM 

Validation: JLC, MJM 

Visualization: JLC 

Writing ï original draft: JLC 

Writing ï review and editing: JLC, JSW, SPH, MJM 

 

 

Chapter 3 (Study 2): 

Cheng J.L., Pizzola C.A., Mattook K.C., Noguchi K.S., Armstrong C.M., Bagri G.K., 

and MacDonald M.J. (2023). Effects of local heat therapy and aerobic exercise training, 

or combined training and therapy on vascular function in recreationally active young 

adults: a randomized controlled trial. 

 

Contributions 

Conceptualization: JLC, MJM 

Data curation: JLC, CAP, KCM, KSN, CMA, GKB 

Formal analysis: JLC, CAP, KCM, KSN, CMA, GKB 

Funding acquisition: MJM 

Investigation: JLC, CAP, KCM, CMA, GKB 

Methodology: JLC, KSN, MJM 

Project administration: JLC, MJM 

Resources: MJM 

Software: Not applicable 

Supervision: JLC, MJM 

Validation: JLC, KSN, MJM 

Visualization: JLC 

Writing ï original draft: JLC, KSN (statistical analysis) 

Writing ï review and editing: JLC, CAP, KCM, KSN, CMA, GKB, MJM 

 

 

Chapter 4 (Study 3): 

Cheng J.L., Pizzola C.A., Mattook K.C., Noguchi, K.S., Armstrong C.M., Bagri G.K., 

and MacDonald M.J. (2023). Acute vascular function responses predict chronic vascular 

function responses to heating and exercise interventions in young, healthy recreationally 

active adults 

 

Contributions 



DOCTOR OF PHILOSOPHY (2023)  McMaster University 

(Kinesiology)  Hamilton, Ontario 

 xviii 
 

Conceptualization: JLC, MJM 

Data curation: JLC, CAP, KCM, KSN, CMA, GKB 

Formal analysis: JLC, CAP, KCM, KSN, CMA, GKB 

Funding acquisition: MJM 

Investigation: JLC, CAP, KCM, CMA, GKB 

Methodology: JLC, KSN, MJM 

Project administration: JLC, MJM 

Resources: MJM 

Software: Not applicable 

Supervision: JLC, MJM 

Validation: JLC, KSN, MJM 

Visualization: JLC 

Writing ï original draft: JLC, KSN (statistical analysis) 

Writing ï review and editing: JLC, CAP, KCM, KSN, CMA, GKB, MJM 

 

  



DOCTOR OF PHILOSOPHY (2023)  McMaster University 

(Kinesiology)  Hamilton, Ontario 

 1 
 

CHAPTER 1 

INTRODUCTION  

 

STUDY 0 

Effect of heat stress on vascular outcomes in humans 

Published in Journal of Applied Physiology, 126(3):771-781, 2019. 

DOI: 10.1152/japplphysiol.00682.2018 
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1.1 Preamble 

Many chronic diseases and global leading causes of death possess a vascular 

etiology, emphasizing how critical vascular function is for maintaining overall health (1ï

8). These conditions include, among many others, ischaemic heart disease, stroke, 

diabetes mellitus, and kidney diseases (World Health Organization Global Health 

Estimates, 2019). The vascular milieu is constantly balancing its response to the release 

of pro- and anti-atherogenic substances, and ultimately, a healthy environment is 

maintained when endothelial cells are in a quiescent state wherein harmful inflammatory 

and oxidative stress pathways are effectively silenced (9). Novel interventions such as 

heat therapy can support vascular function by eliciting cardiovascular (i.e., heart rate, 

shear rate), thermal (i.e., core and skin temperatures), and molecular (i.e., heat shock 

proteins) eustress, which triggers physiological signaling pathways that promote the 

release of vasoactive substances like nitric oxide (10). However, much work remains to 

be done with respect to the prescription of heat therapy, in order to develop protocols that 

are both effective for improving vascular function, and feasible, scalable, and accessible 

for the general population. 

This introductory chapter will include (i) a synthesis of the existing literature that 

has examined the effects of passive heat stress on vascular function in young, healthy 

individuals (section 1.2) (11) and (ii ) a summary of commonly used methods for the 

assessment of arterial function (section 1.3), culminating in (iii ) an overview of the 

studies conducted for this PhD thesis, including clearly outlined objectives and 

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



DOCTOR OF PHILOSOPHY (2023)  McMaster University 

(Kinesiology)  Hamilton, Ontario 

 4 
 

  



DOCTOR OF PHILOSOPHY (2023)  McMaster University 

(Kinesiology)  Hamilton, Ontario 

 5 
 

  



DOCTOR OF PHILOSOPHY (2023)  McMaster University 

(Kinesiology)  Hamilton, Ontario 

 6 
 

  



DOCTOR OF PHILOSOPHY (2023)  McMaster University 

(Kinesiology)  Hamilton, Ontario 

 7 
 

  



DOCTOR OF PHILOSOPHY (2023)  McMaster University 

(Kinesiology)  Hamilton, Ontario 

 8 
 

  



DOCTOR OF PHILOSOPHY (2023)  McMaster University 

(Kinesiology)  Hamilton, Ontario 

 9 
 

  



DOCTOR OF PHILOSOPHY (2023)  McMaster University 

(Kinesiology)  Hamilton, Ontario 

 10 
 

  



DOCTOR OF PHILOSOPHY (2023)  McMaster University 

(Kinesiology)  Hamilton, Ontario 

 11 
 

  



DOCTOR OF PHILOSOPHY (2023)  McMaster University 

(Kinesiology)  Hamilton, Ontario 

 12 
 

  



DOCTOR OF PHILOSOPHY (2023)  McMaster University 

(Kinesiology)  Hamilton, Ontario 

 13 
 

  



DOCTOR OF PHILOSOPHY (2023)  McMaster University 

(Kinesiology)  Hamilton, Ontario 

 14 
 

1.3 Methods of arterial function assessment 

In this thesis, the term arterial function is used broadly to refer to endothelial 

function, arterial stiffness, and arterial structure. There are a variety of methods to assess 

each of these outcome measures. My studies used reference standard methods where 

possible, including flow-mediated dilation for the assessment of endothelial function and 

pulse wave velocity and carotid artery distensibility for the assessment of arterial 

stiffness. These techniques were chosen because they are non-invasive, technically 

feasible, and provide an indication of future CVD risk. Other methods are outlined in this 

chapter to allow the reader to contextualize our findings with respect to that of previous 

literature. 

 

1.3.1 Assessment of endothelial function 

Endothelial function refers to the capacity of the endothelial cells lining the 

arterial wall to release substances that regulate vasomotion, cellular adhesion, 

thromboresistance, smooth muscle cell proliferation, and vessel wall inflammation (9). 

Most methods of endothelial function assessment focus on the measurement of arterial 

vasodilation, as it is more observable and quantifiable in vivo compared to the other 

processes listed above. Greater increases in artery diameter or perfusion in response to 

pharmacological or shear-induced vasodilator release are indicative of better endothelial 

function (9, 12). Endothelial function can be assessed in both the macro- and 

microvasculature. 
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1.3.1.1 Cardiac catheterization 

 Cardiac catheterization is a well-controlled, but invasive, method of assessing 

endothelial function. It involves inserting a catheter into the coronary arteries and 

infusing pharmacological, vasoactive agents such as acetylcholine or N-methylarginine 

(L-NMMA ) and then subsequently observing changes in artery diameter using 

quantitative angiography (12, 13). Due to the medical expertise required and risks 

involved, this procedure is now rarely used in research settings, especially considering 

that many other less invasive surrogate measures are adequate indicators of coronary 

endothelial function (12). 

 

1.3.1.2 Venous occlusion plethysmography 

Venous occlusion plethysmography similarly uses changes in forearm or leg 

volume ï a surrogate for perfusion ï under different pharmacological conditions as an 

indicator of endothelial function (9, 12, 14). In this technique, pneumatic cuffs are 

inflated around the distal and proximal limb such that arterial inflow is permitted but 

venous outflow is blocked. Strain gauges are wrapped around the widest part of the 

forearm to measure changes in resistance corresponding to changes in limb volume in 

response to the administration of different stimuli. Examples of stimuli include vasoactive 

agonists and antagonists, limb height adjustments, postural changes, and isolated 

muscular contractions (14). Increased limb volume is indicative of increased vasodilation, 

and therefore, improved endothelial function. While less invasive than cardiac 

catheterization, venous occlusion plethysmography is technically challenging and 
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difficult to standardize across labs; and its clinical relevance has been called into question 

because changes in forearm blood flow reflect the microvascular circulation rather than 

the disease-susceptible peripheral conduit arteries (9). 

 

1.3.1.3 Flow-mediated dilation 

 Flow-mediated dilation (FMD) is the reference standard assessment of 

macrovascular endothelial function. In an FMD test, ultrasound imaging is used to 

capture conduit artery diameter to quantify the degree to which the artery is able to 

expand or dilate in response to increased shear stress. A pneumatic cuff wrapped distal to 

the artery site of interest is inflated to suprasystolic levels (e.g. 200 mmHg) for 5 minutes 

to generate an ischemic stimulus that results in a dramatic increase in blood flow, and 

consequently shear stress, to the distal limb when the cuff is released. Ultrasound images 

are obtained for 30 to 60 seconds at rest, prior to cuff inflation, as well as 3 minutes after 

cuff release to ensure that peak vasodilation is captured. FMD is typically expressed as a 

percentage change in arterial diameter (AD) relative to baseline AD (15), but allometric 

scaling procedures that account for the logarithmic relationship between resting AD and 

changes in AD can be applied during statistical analysis to permit assessments across 

individuals with different caliber arteries (16, 17). The FMD test is completely non-

invasive and can be performed on several peripheral arteries, including the brachial, 

superficial femoral, and popliteal arteries. However, it is most commonly conducted on 

the brachial artery because of its clinical significance in this site. Epidemiological studies 
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show that BA FMD is predictive of future cardiovascular events, such that every 1% 

increase in FMD is associated with a 13% reduction in risk (18, 19). 

 

1.3.1.4 Laser doppler flowmetry and iontophoresis 

 Laser doppler flowmetry (LDF) coupled with iontophoresis of acetylcholine 

(ACh) and sodium nitroprusside (SNP) can provide an indication of microvascular 

endothelial function. ACh and SNP are endothelium-dependent and independent 

vasodilators, respectively; therefore, a decrease in perfusion with ACh without a 

concomitant change in perfusion with SNP can signify endothelial dysfunction (20). 

Changes in perfusion using this method are quantified by arbitrary units of flux; this value 

can also be expressed as a percentage of maximal vasodilation either by iontophoresis of 

a nitrovasodilator or in response to 42-44 °C local heating, or a percentage of maximal 

cutaneous vascular conductance calculated as flow divided by mean arterial pressure (20). 

 

1.3.1.5 Circulating factors 

 Other methods to assess endothelial function that focus on functions other than 

vasodilation involve measuring circulating factors in blood serum or plasma or in cell 

exposure studies. Endothelial function is maintained by the appropriate balance of anti-

atherogenic (e.g., nitric oxide, endothelium-derived hyperpolarizing factor, prostacyclin) 

and pro-atherogenic (e.g., endothelin-1, NF-əB, prostanoids, angiotensin converting 

enzyme) factors in the arterial milieu, all of which can be measured using various assays 

targeting phosphorylation status or protein or mRNA levels (9). While these factors are 
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valuable for providing mechanistic insight, there are some drawbacks to their use and 

application. Serum and plasma measures have been criticized for reflecting the systemic 

circulation more broadly and it is difficult to ascertain that any changes observed or 

differences are directly and exclusively attributed to endothelial cell function (21). 

Circulating factors can also be measured in plated and cultured endothelial cells ï usually 

from human umbilical veins ï which allows for the administration of experimental 

protocols that use chemicals or stimuli that might otherwise be lethal in vivo (22ï25). 

However, the tight experimental control afforded by this method comes at the cost of not 

knowing whether any responses seen will translate to in vivo scenarios which involve the 

integration of all body systems. 

 

1.3.2 Assessment of arterial stiffness 

Arterial stiffness describes the elasticity of the arterial wall. Techniques used to 

measure arterial stiffness are based on either the transmission/propagation model or 

pulsation/distension model (26). Changes in arterial stiffness can occur through either 

structural alterations in the elastin and collagen composition of the arterial wall, or 

functional alterations in vascular smooth muscle tone as a result of cellular signaling 

favouring the release of constrictors (e.g., angiotension II, endothelin, oxygenases, etc.) 

rather than dilators (e.g., nitric oxide, endothelium-derived hyperpolarizing factor) (27). 

Most methods of assessing arterial stiffness do not allow for the discrimination of the 

mechanism responsible for change, but some information can be gleaned based on the 

time frame of assessment. Regulation of the synthesis and breakdown of structural 
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components of the arterial wall is a dynamic but slow process (27). Therefore, it can be 

inferred that if arterial stiffness changes acutely, it is likely due to cellular signaling and 

changes in vascular tone; whereas if arterial stiffness changes chronically, it can be due to 

either of the mechanisms or a combination of both.  

 

1.3.2.1 Arterial compliance, distensibility, and ɓ-stiffness index 

 Compliance, distensibility, and ɓ-stiffness index are all measures of local arterial 

stiffness, and are most commonly assessed in the common carotid artery (CCA) (28). 

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

Compliance is the absolute change in CCA diameter for a given change in pressure, 

whereas distensibility further accounts for minimum artery diameter (28). ɓ-stiffness 

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

arterial diameter (29). In the lab, these outcomes are measured using ultrasound imaging 

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

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

is used to calculate each of the stiffness metrics (28). Greater compliance and 

distensibility are indicative of a more elastic artery, while greater ɓ-stiffness index is 

indicative of a less elastic artery. 

 

1.3.2.2 Pulse wave velocity 

 Pulse wave velocity (PWV) is the speed at which a pulse travels through an 

arterial segment, and it is a measure of regional arterial stiffness. This measure falls under 
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the transmission/propagation model of arterial stiffness assessment. Carotid to femoral 

PWV is most commonly reported and established as the reference standard assessment of 

arterial stiffness because it holds clinical significance. Those who possess a cfPWV Ó 10 

m/s are thought to be at risk for developing CV disease, and every 1 m/s increase in 

cfPWV is associated with 14%, 15%, and 15% increases in risk of total CV events, CV 

mortality, and all-cause mortality, respectively (30, 31). However, PWV can also be 

assessed in the upper and lower limbs between the carotid to radial arteries and femoral to 

tibialis posterior or dorsalis pedis arteries. The reference standard protocol for the 

measurement of PWV involves two applanation tonometers and the simultaneous 

collection of approximately 30 heart cyclesô worth of high-quality pressure waveforms. 

The surface distance between the two pulse sites of interest are divided by the average 

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

(30). 

 

1.3.2.3. Cardio-ankle vascular index 

 Cardio-ankle vascular index (CAVI) is a non-invasive metric of arterial stiffness 

that combines the principles of pulse wave velocity and ɓ-stiffness index. In essence, it is 

an expansion of ɓ-stiffness index in that it is a measure that is independent of blood 

pressure, but indicative of whole-body stiffness, from the heart to the ankle (32, 33). 

CAVI is a commonly used measure in Japan where portable machines that can provide 

this stiffness estimate are widely distributed (32). The method involves placing ECG 

electrodes on both wrists, a microphone on the sternum, and four blood pressure cuffs to 



DOCTOR OF PHILOSOPHY (2023)  McMaster University 

(Kinesiology)  Hamilton, Ontario 

 21 
 

wrap around each extremity. Data collection is automated and does not require technical 

expertise (32, 33). CAVI is theoretically appealing because of the ability to account for 

blood pressure, which may influence PWV; however, in practice, it is a weaker predictor 

of health outcomes likely because blood pressure is such a strong predictor of mortality 

(34). For this reason, PWV remains the recommended method of arterial stiffness 

assessment. 

 

1.3.3 Assessment of arterial structure 

1.3.3.1 Carotid intima-media thickness (cIMT) 

 Arterial structure describes the composition of the layers of the arterial wall. In 

many chronic disease conditions, the final stage of arterial deterioration that occurs prior 

to the accumulation of plaque is the thickening of the intima-media layer of the carotid 

arterial wall which can be measured using ultrasound imaging (35). cIMT increases with 

age and is greater in those that suffer with chronic diseases like type 2 diabetes, 

hypercholesterolemia, hypertension, and obesity (36ï41). Unlike metrics of endothelial 

function and arterial stiffness, changes in cIMT occur over the span of years. Rarely are 

improvements in cIMT seen in the relatively short-term (i.e., 4-12 weeks) interventional 

studies that are conducted in physiology research. Changes in cIMT are clinically 

significant: every 0.1 mm increase in cIMT is associated with a 10-15% increased risk of 

having a myocardial infarction and a 13-18% increased risk of having a stroke (42). cIMT 

and arterial stiffness are correlated and share the same risk factors, but still provide 

unique risk profiles because of the reliance of stiffness measures on blood pressure (43). 
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In the disease progression towards atherosclerosis, arterial stiffness generally precedes 

increasing cIMT, which represents the cumulative burden of risk factors accumulated 

over the life span (43). 

 

1.4 Study objectives and hypotheses 

The overarching goal of this thesis is to evaluate the effectiveness of local heat 

therapy as a vascular health-promoting intervention both acutely and chronically, 

compared to and in conjunction with exercise training. This research was conducted in 

young, healthy recreationally active adults. In Chapter 2 (Study 1), our objective was to 

determine whether ankle- or knee-level hot water immersion would be sufficiently 

stimulating to change vascular function assessed both locally and systemically in the 

acute time frame. We hypothesized that both protocols would result in improved vascular 

function but with greater magnitude changes elicited by the knee-level condition. In 

Chapter 3 (Study 2), our objective was to compare the vascular function responses to 8 

weeks of local heat therapy, aerobic exercise training, or combined training and therapy. 

We hypothesized that, compared to a control condition, all therapy and/or training groups 

would have improved vascular function, but that combined therapy and training would be 

superior to either intervention alone. In Chapter 4 (Study 3), our objective was to 

determine if any relationships exist between the acute and chronic vascular function 

responses to our interventions as a means of understanding whether measures such as 

flow-mediated dilation and pulse wave velocity have predictive potential for lifestyle 

prescription. We hypothesized that acute vascular function responses to a bout of an 
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intervention pre-therapy and/or training would be able to predict chronic vascular 

function responses post-therapy and/or training. 
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