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ABSTRACT 

Cardiovascular disease (CVD) is a leading cause of morbidity and mortality in both the 

general and at-risk populations [e.g., end-stage renal disease (ESRD) patients]. Arterial stiffness 

is a major contributor to the occurrence and progression of CVD. The ability to measure arterial 

stiffness accurately and easily could be important in the detection and prevention of CVD. 

Applanation tonometry (AT) is considered the reference method for determining pulse wave 

velocity (PWV), an index of arterial stiffness; however, AT has been reported to have several 

limitations and practical problems. Photopleysmography (PPG) may be a potential alternative to 

AT in the determination of PWV, but its validity and reliability need to be more definitively 

established. Second, there is conflicting evidence as to whether peripheral measurements of 

arterial stiffness can be used as a surrogate for central measures. Accordingly, the primary 

objectives of this dissertation were: a) to aid in establishing the validity and/or reliability of PWV 

assessed using the new PPG method compared to the reference (AT) method (Study 2 and Study 

3), and b) to provide further insight regarding whether peripheral PWV by PPG is in fact a valid 

surrogate measure of central PWV by PPG (Study 2).  

There are also many factors that can affect the interpretation of arterial stiffness 

measurements that are poorly understood in terms of their mechanisms and magnitude of impact. 

As such, this dissertation also addresses: c) the influence of hemodialysis (HD) on arterial 

stiffness (Study 1) and d) the influence of maximal aerobic exercise on arterial stiffness (Study 3).  

The findings of the studies in this dissertation established the validity and/or reliability of 

the PPG method (Study 2 and Study 3), refuted the use of peripheral PWV measurements as 

surrogates for central ones (Study 2), clarified the influence of HD on arterial stiffness (Study 1), 

and confirmed the acute impact of aerobic exercise on arterial stiffness (Study 3). Ultimately, 

these findings may help healthcare practitioners to interpret arterial stiffness measurements more 
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accurately and facilitate  the assessment of arterial stiffness in becoming a standard part of CVD 

screening in healthy and at-risk populations alike. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 

iv 
 

ACKNOWLEDGEMENTS 

This dissertation has been a great academic and personal learning experience and was 

made possible by the support, encouragement, and assistance of many different people, to whom 

I owe my deepest respect and gratitude. A doctoral dissertation is never the work of anyone 

alone. I would like to extend my appreciation to Dr. Maureen MacDonald, who provided 

guidance and editorial advice during the final stages of my dissertation. I would also like to 

specially thank Dr. Kimberly McAuley for her continued support, invaluable direction, and 

insight. She has been a great role model! Thank you for rekindling my dream! I would also like 

to express my heartfelt appreciation to all the participants who volunteered.  

Most of all, I want to thank my family and friends, for their unwavering love, kindness 

and patience that has sustained my soul. My family, as a whole, have provided me with a strong 

sense of determination and hope. My parents, Linda and Ray Rombough, who have instilled in 

me the value of education and have always believed in me. I thank my brother Sandy and my 

nephew Remy, for reminding me what is precious in life. I am very fortunate to have my friends 

Amy and Judy who have always provided me support and encouragement. To my brother-in-law 

Wayne, who passed away before the completion of my dissertation, thank you for reminding me 

of life‟s most important values: “happiness, health, hope and family”; you are always with me in 

spirit. I would also like to thank Dave, my soul mate, who has been by my side since the 

beginning of this journey “Forever & Always”. His love, support, kindness and generosity 

through everything has been unwavering.  

Last, but not least, to my son Daxton for whom I am most fortunate to have in my life. 

You amaze me every day with your kind heart, positive outlook, and your love that has kept me 

grounded on the more important things in life. You have brought me so much happiness and 

inspiration that has allowed me to endure all obstacles during my academic journey.  



 

v 
 

I dedicate my doctoral dissertation to you Daxton.....Love Mommy XOXO 

 

 

 



 

vi 
 

TABLE OF CONTENTS 

ABSTRACT .................................................................................................................................... ii 

ACKNOWLEDGEMENTS .......................................................................................................... iv 

TABLE OF CONTENTS .............................................................................................................. vi 

LIST OF TABLES ...................................................................................................................... xiii 

LIST OF FIGURES .................................................................................................................... xiv 

LIST OF ABBREVIATIONS ..................................................................................................... xvi 

Chapter 1: GENERAL INTRODUCTION .................................................................................. 1 

1.1 Background and Rationale ......................................................................................................... 2 

1.2 Measurement of Arterial Stiffness by Non-invasive Methods ................................................... 4 

1.2.1 Indices ............................................................................................................................ 4 

1.2.2 Measurement Tools ....................................................................................................... 5 

1.2.3 Central and Peripheral Arterial Stiffness ....................................................................... 7 

1.3 Research Gaps ............................................................................................................................ 8 

1.3.1 The Influence of Hemodialysis on Arterial Stiffness .................................................... 8 

1.3.2 The Effects of Exercise on Arterial Stiffness .............................................................. 10 

1.4 Dissertation Structure and Intent .............................................................................................. 12 

1.4.1 Objectives .................................................................................................................... 12 

1.4.2 Structure ....................................................................................................................... 12 

1.5 References ................................................................................................................................ 15 

Chapter 2: LITERATURE REVIEW ........................................................................................ 24 

2.1 Introduction .............................................................................................................................. 25 

2.2 Background .............................................................................................................................. 26 

 



 

vii 
 

2.2.1 Overview of End-Stage Renal Disease (ESRD) .......................................................... 26 

2.2.1.1 Prevalence and Incidence Rates ........................................................................ 26 

2.2.1.2 Costs of ESRD Treatment .................................................................................. 26 

2.2.1.3 Cardiovascular Disease and Arterial Stiffness in the ESRD Population .......... 27 

2.2.2 Overview of ESRD and Hemodialysis ........................................................................ 28 

2.2.2.1 Pathophysiology and Clinical Presentation of ESRD ....................................... 28 

2.2.2.2 Hemodialysis as a Treatment for ESRD ............................................................ 28 

2.2.3 Overview of the Arterial System ................................................................................. 29 

2.2.3.1 Structure and Function of the Arterial Wall ...................................................... 29 

2.2.3.2 Elastic and Muscular Arteries ........................................................................... 30 

2.2.4 Overview of Arterial Stiffness ..................................................................................... 33 

2.2.4.1 Age-Associated Structural Changes in Healthy Arterial Walls ......................... 33 

2.2.4.2 Arterial Stiffness in ESRD Patients ................................................................... 33 

2.3 Measuring Arterial Stiffness .................................................................................................... 36 

2.3.1 Non-invasive Indices of Arterial Stiffness .................................................................. 36 

2.3.2 Pulse Wave Analysis ................................................................................................... 38 

2.3.3 Augmentation Index (AIx) .......................................................................................... 39 

2.3.3.1 Advantages and Disadvantages of AIx .............................................................. 42 

2.3.4 Pulse Wave Velocity (PWV) ....................................................................................... 44 

2.3.4.1 Central PWV as a Predictor of Cardiovascular Events .................................... 46 

2.3.4.2 Peripheral PWV as a Surrogate for Central PWV ............................................ 46 

2.3.4.3 Brachial-Ankle PWV as an Equivalent Measure of Central PWV .................... 50 

2.3.4.4 Advantages and Disadvantages of PWV............................................................ 53 

 



 

viii 
 

2.4 Measurement Tools for Arterial Stiffness ................................................................................ 54 

2.4.1 Applanation Tonometry (AT) ...................................................................................... 54 

2.4.1.1 Advantages and Disadvantages of the use of AT for Obtaining Pressure  

                            Waveforms .......................................................................................................... 56 

 

2.4.2 Photoplethysmography (PPG) ..................................................................................... 56 

2.4.2.1 Advantages of PWV by PPG .............................................................................. 58 

2.4.2.2 Validity and Reliability of PWV by PPG ........................................................... 61 

2.4.2.3 Bland-Altman Analysis ...................................................................................... 62 

2.5 Effects of Hemodialysis (HD) on Arterial Stiffness ................................................................ 64 

2.5.1 Factors Possibly Affecting Arterial Stiffness Early in the HD Process ...................... 65 

2.5.2 Potential Effect of Different Dialyzers on Arterial Stiffness Measurements .............. 67 

2.6 Exercise and Arterial Stiffness ................................................................................................. 68 

2.6.1 Changes in Arterial Stiffness with Aerobic Exercise .................................................. 69 

2.6.2 Changes in Arterial Stiffness with Resistance Exercise .............................................. 71 

2.6.3 ESRD and Exercise ..................................................................................................... 72 

2.7 Conclusions .............................................................................................................................. 74 

2.7.1 Concluding Remarks ................................................................................................... 75 

2.8 References ................................................................................................................................ 76 

Chapter 3: HEMODIALYSIS RESULTS IN ACUTE AND TRANSIENT  

                    REDUCTIONS IN ARTERIAL STIFFNESS ....................................................... 99 

 

3.1 Abstract .................................................................................................................................. 100 

3.2 Introduction ............................................................................................................................ 101 

3.3 Methods .................................................................................................................................. 103 

3.3.1 Participants and Inclusion Criteria ............................................................................ 103 

 



 

ix 
 

3.3.2 Measurements ............................................................................................................ 104 

3.3.2.1 Demographic Information ............................................................................... 104 

3.3.2.2. Anthropometric Measurements ....................................................................... 104 

3.3.2.3 Hemodynamic Parameters............................................................................... 104 

3.3.2.4 Quality Control ................................................................................................ 106 

3.3.3 Study Protocol ........................................................................................................... 106 

3.3.4 Statistical Analysis .................................................................................................... 107 

3.4 Results .................................................................................................................................... 108 

3.4.1 Population Characteristics ......................................................................................... 108 

3.4.2 Interdialytic Changes ................................................................................................. 109 

3.4.3 Intradialytic Changes ................................................................................................. 110 

3.4.4 Comparison of Healthy and End-Stage Renal Disease (ESRD) ................................ 112 

3.4.5 Influence of Timing on Augmentation Index ............................................................ 112 

3.4.6 Influencing Factors .................................................................................................... 114 

3.5 Discussion .............................................................................................................................. 116 

3.5.1 Interdialytic Changes ................................................................................................. 117 

3.5.2 Intradialytic Changes ................................................................................................. 118 

3.5.3 Comparison of Healthy and ESRD Individuals ......................................................... 120 

3.5.4 Influence of Timing ................................................................................................... 120 

3.5.5 Influencing Factors .................................................................................................... 121 

3.6 References .............................................................................................................................. 124 

Chapter 4: VALIDITY AND RELIABILITY OF PULSE WAVE VELOCITY  

                    USING PHOTOPLETHYSMOGRAPHY IN END-STAGE RENAL 

                    DISEASE PATIENTS ............................................................................................ 129 
 

4.1 Abstract .................................................................................................................................. 130 



 

x 
 

4.2 Introduction ............................................................................................................................ 131 

4.3 Material and Methods ............................................................................................................. 135 

4.3.1 Participants ................................................................................................................ 135 

4.3.2 Study Protocol ........................................................................................................... 135 

4.3.3 Measurements ............................................................................................................ 136 

4.3.3.1 Demographic Information ............................................................................... 136 

4.3.3.2 Anthropometric Measurements ........................................................................ 136 

4.3.3.3 Brachial Blood Pressure .................................................................................. 137 

4.3.3.4 Pulse Wave Velocity (PWV) ............................................................................. 137 

4.3.3.4.1 Instrumentation (AT and PPG) and Data Acquisition .......................... 137 

4.3.3.4.2 Arterial Sites of Interest ........................................................................ 138 

4.3.3.4.3 Calculation of Distance, Pulse Transit Time and PWV ........................ 138 

4.3.3.4.4 Quality Control ..................................................................................... 139 

4.3.4 Statistical Analysis .................................................................................................... 139 

4.4 Results .................................................................................................................................... 140 

4.4.1 Demographic Characteristics ..................................................................................... 140 

4.4.2 Reliability of AT and PPG ......................................................................................... 141 

4.4.3 Degree of Agreeability between the Different PWV Methods .................................. 142 

4.4.4 Comparison of Carotid-Radial PWV and Carotid-Femoral PWV ............................ 146 

4.5 Discussion .............................................................................................................................. 148 

4.5.1 Reliability of AT and PPG ......................................................................................... 148 

4.5.2 Degree of Agreeability between AT and PPG Method ............................................. 149 

4.5.3 Comparison of Carotid-Radial PWV and Carotid-Femoral PWV ............................ 151 

4.6 Conclusions ............................................................................................................................ 152 



 

xi 
 

4.7 Limitations and Directions for Future Research .................................................................... 153 

4.8 References .............................................................................................................................. 155 

Chapter 5: ACUTE EFFECT OF AEROBIC EXERCISE ON ARTERIAL 

                    STIFFNESS IN YOUNG HEALTHY INDIVIDUALS ...................................... 164 

 

5.1 Abstract .................................................................................................................................. 165 

5.2 Introduction ............................................................................................................................ 167 

5.3 Material and Methods ............................................................................................................. 170 

5.3.1 Participants ................................................................................................................ 170 

5.3.2 Study Protocol ........................................................................................................... 171 

5.3.3 Outcome Measures .................................................................................................... 172 

5.3.3.1 Demographic Information and Anthropometric Measurements...................... 172 

5.3.3.2 Heart Rate ........................................................................................................ 172 

5.3.3.3 Blood Pressure ................................................................................................. 172 

5.3.3.4 Pulse Wave Velocity (PWV) ............................................................................. 173 

5.3.3.4.1 Instrumentation (AT and PPG) and Data Acquisition .......................... 173 

5.3.3.4.2 Calculation of Distance, Pulse Transit Time and PWV ........................ 174 

5.3.3.4.3 Quality Control ..................................................................................... 175 

5.3.3.5 Rating of Perceived Exertion (RPE) ................................................................ 175 

5.3.3.6 Exercise Protocol ............................................................................................. 175 

5.3.4 Statistical Analysis .................................................................................................... 176 

5.4 Results .................................................................................................................................... 177 

5.4.1 Demographic Characteristics ..................................................................................... 177 

5.4.2 Degree of Agreeability between the Different PWV Methods (AT and PPG) 

         Post-Exercise ............................................................................................................. 177 
 



 

xii 
 

5.4.3 Influence of Exercise on PWV Measures .................................................................. 182 

5.5 Discussion .............................................................................................................................. 183 

5.5.1 Degree of Agreeability between the Different PWV Methods (AT and PPG) 

         Post-Exercise ............................................................................................................. 184 

 

5.5.2 Influence of Exercise on PWV Measures .................................................................. 185 

5.6 Limitations and Directions for Future Research .................................................................... 185 

5.7 Conclusions ............................................................................................................................ 186 

5.8 References .............................................................................................................................. 188 

Chapter 6: GENERAL DISCUSSION AND FUTURE PERSPECTIVES ........................... 194 

 

6.1 Thesis Overview ..................................................................................................................... 195 

6.2 Validity and Reliability of Pulse Wave Velocity employing Photoplethysmography ........... 196 

6.3 Peripheral Measurements as a Surrogate of Central Measurements ...................................... 196 

6.4 The Influence of Hemodialysis on Arterial Stiffness ............................................................. 197 

6.5 The Influence of Exercise on Arterial Stiffness ..................................................................... 199 

6.6 Future Research and Recommendations ................................................................................ 200 

6.7 Conclusions ............................................................................................................................ 202 

6.8 References .............................................................................................................................. 204 

Appendix A: CONSENT FORMS ............................................................................................ 208 

Appendix B: QUEEN’S RESEARCH ETHICS LETTERS OF APPROVAL ..................... 223 

Appendix C: PHYSICAL ACTIVITY READINESS QUESTIONNAIRE (PAR-Q) .......... 227 

Appendix D: BORG SCALE (15-POINT SCALE) ................................................................. 228 

 

 

 



 

xiii 
 

LIST OF TABLES 

Table 2.1 Non-invasive indices of arterial stiffness with their definition, formula, unit(s),  

                 and technique(s) ............................................................................................................ 37 

 

Table 2.2 Studies assessing central (carotid-femoral), brachial-ankle and/or femoral-ankle 

                 pulse wave velocity (PWV) measures under resting conditions ................................... 52 

 

Table 3.1 Characteristics of the study‟s population .................................................................... 109 

 

Table 3.2 Ultrafiltration volume and hemodynamic parameters for end-stage renal disease 

                 patients pre-, during, and post-hemodialysis ............................................................... 111 

 

Table 3.3 Comparison of hemodynamic parameters in healthy and ESRD individuals  ............ 112 

 

Table 3.4 Relationship between the intradialytic change in augmentation index with    

                 hemodynamic parameters for end-stage renal disease patients (n=21) ....................... 115 

 

Table 3.5 Multiple stepwise regression analysis using the intradialytic decrease in  

                 augmentation index as the dependent variable for end-stage renal disease patients 

(n=21) .......................................................................................................................... 116 

 

Table 4.1 Demographic characteristics of end-stage renal disease patients  ............................... 141 

 

Table 4.2 Reliability of blood pressure, heart rate, and pulse wave velocity measures .............. 142 

 

Table 4.3 Difference between carotid-radial PWV (crPWV) and carotid-femoral PWV  

                 (cfPWV) measured by applanation tonometry (AT) and photoplethysmography 

                 (PPG) at Time 1 and Time 2 ........................................................................................ 147 

 

Table 5.1 Demographic characteristics of healthy young individuals  ........................................ 177 

 

Table 5.2 Pre- and post-exercise blood pressure, heart rate, and PWV values ........................... 183 

 

 

 

 

 

 

 



 

xiv 
 

LIST OF FIGURES 

Figure 2.1 Schematic cross-sectional view of a healthy artery with the three layers.................... 30 

 

Figure 2.2 Comparison of the relative tissue distribution at the different arterial segments 

                   in the circulatory system ............................................................................................. 31 

 

Figure 2.3 Conceptual diagram of some of the potential mechanisms thought to increase 

                  arterial stiffness in end-stage renal disease patients ..................................................... 35 

 

Figure 2.4 Generation of a central arterial waveform ................................................................... 38 

 

Figure 2.5 Steps involved in recording a radial waveform to derive its corresponding  

                  central aortic waveform using a SphygmoCor apparatus to determine  

                  augmentation index ...................................................................................................... 40 

 

Figure 2.6 A schematic diagram of a central aortic waveform representing how  

                  augmentation index is determined ................................................................................ 41 

 

Figure 2.7 Determining carotid-femoral pulse wave velocity ....................................................... 45 

 

Figure 2.8 Schematic diagram of the descending aorta with an example of pulse  

                  waveforms, average diameter, and PWV values along the different regions 

                  for a normotensive 35-year-old male. .......................................................................... 48 

 

Figure 2.9 Applanation tonometry of the radial artery a) before applanation and b) during 

applanation ..................................................................................................................... 55 

 

Figure 2.10 Photograph of a photoplethysmograph probe with a schematic diagram of 

                     infrared light being emitting from the eye of the probe ............................................ 58 

Figure 2.11 An actual report generated from the laboratory displaying the simultaneous  

                    pulse waveform recordings from four photoplethysmograph probes (carotid,  

                    radial, femoral, and dorsalis pedis artery), one applanation tonometer probe  

                   (carotid artery), and an electrocardiogram .................................................................. 60 

 

Figure 2.12 A Bland-Altman plot .................................................................................................. 63 

Figure 3.1 Augmentation index trend pre-, during, and post-hemodialysis (n=21) .................... 113 

Figure 3.2 Subendocardial viability ratio trend pre-, during, and post-hemodialysis. ................ 114 

Figure 4.1a Scatter plot and corresponding Bland-Altman plot for carotid-radial PWV  

                    (crPWV) measurements by applanation tonometry (AT) and photopleysmography  

                    (PPG) at rest ............................................................................................................. 144 

 

 



 

xv 
 

Figure 4.1b Scatter plot and corresponding Bland-Altman plot for carotid-femoral PWV   

                    (cfPWV) measurements by AT and PPG at rest ...................................................... 145 

 

Figure 5.1a Scatter plot and corresponding Bland-Altman plot for carotid-femoral PWV    

                    (cfPWV) measurements by applanation tonometry (AT) and  

                    photopleysmography (PPG) post-exercise ............................................................... 179 

 

Figure 5.1b Scatter plot and corresponding Bland-Altman plot for carotid-radial PWV  

                     (crPWV) measurements by AT and PPG post-exercise .......................................... 180 

 

Figure 5.1c Scatter plot and corresponding Bland-Altman plot for femoral-dorsalis pedis  

                    (fdPWV) PWV measurements by AT and PPG post-exercise  ................................ 181 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 

xvi 
 

LIST OF ABBREVIATIONS  

ADMA asymmetrical dimethylarginine 

AE aerobic exercise 

AIx augmentation index (relative to pulse pressure) 

Ang II angiotensin II 

ANOVA analysis of variance 

AT applanation tonometry 

baPWV brachial-ankle pulse wave velocity 

BMI body mass index 

BP blood pressure 

bpm beats per minute 

brPWV brachial-radial pulse wave velocity 

CAC coronary artery calcification 

CAD coronary artery disease 

CAP central augmented pressure 

CDP central diastolic pressure 

CE constant exercise 

cfPWV carotid-femoral pulse wave velocity 

CHD coronary heart disease 

CHF congestive heart failure 

CKD chronic kidney disease 

cm/s centimeters per second 

COV coefficient of variation 



 

xvii 
 

CPP central pulse pressure 

crPWV carotid-radial pulse wave velocity 

CSP central systolic pressure 

CV cardiovascular 

CVD cardiovascular disease 

D diameter 

D change in diameter 

DBP diastolic blood pressure 

Dd diastolic diameter 

Ds systolic diameter 

ECG electrocardiogram 

ESRD end-stage renal disease 

ET-1 endothelin-1 

F females 

faPWV femoral-ankle pulse wave velocity 

fdPWV femoral-dorsalis pedis pulse wave velocity 

ftPWV femoral-posterior tibial pulse wave velocity 

h wall thickness 

HD hemodialysis 

HR heart rate 

HRmax maximum heart rate 

ICC intra-class correlation coefficient 

IE intermittent exercise 



 

xviii 
 

In natural logarithm 

IR infrared 

kgm/min kilogrammeters per minute 

kg/m
2
 kilogram per meter squared 

M males 

mmHg millimeters of mercury 

m/s meters per second 

MRI magnetic resonance imaging 

msec milliseconds 

mV millivolts 

nm nanometer 

NO nitric oxide 

Non-EX non-exercise 

P pressure 

P1 first systolic peak 

P2 second systolic peak 

Pd diastolic pressure 

PD peritoneal dialysis 

Post-Ex post-exercise 

Post-HD post-hemodialysis 

PPG photoplethysmography 

PP pulse pressure 

Pre-HD pre-hemodialysis 



 

xix 
 

Pre-Ex pre-exercise 

Ps systolic pressure 

PTT pulse transit time 

PWA pulse wave analysis 

PWV pulse wave velocity 

RAAS renin-angiotensin-aldosterone system 

RE resistance exercise 

REB Research Ethics Board 

RPE rating perceived exertion 

RPM revolution per minute 

RT resistance trained 

SBP systolic blood pressure 

SD standard deviation 

SEM standard error of the mean 

SEVR subendocardial viability index 

t time 

taPWV thigh-ankle pulse wave velocity 

US United States 

USA United States of America 

V volume 

VO2 max maximal oxygen consumption 

VO2 peak peak oxygen uptake 

W Watts 



 

1 
 

Chapter 1 

GENERAL INTRODUCTION 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 

2 
 

1.1 Background and Rationale 

Cardiovascular disease (CVD) is a leading cause of morbidity and mortality among 

Canadians (1), particularly in an at-risk population like end-stage renal disease (ESRD) patients 

(2). Compared to the general population, ESRD patients have a 10 to 30 times greater risk of 

death due to developing CVD (2), with cardiovascular (CV) events accounting for up to 50% of 

their fatalities (3,4). Moreover, Canadian statistics show that the incidence of newly diagnosed 

ESRD patients rose 116% from 1991 to 2010 (5). As the population ages, the incidence rate of 

ESRD is expected to continue to increase substantially (5). Thus, CVD is a serious medical 

concern, particularly in increasingly common high-risk populations, such as ESRD patients. 

Arterial stiffness is a strong independent predictor of CVD that is especially evident in 

ESRD patients (4,6). There is a growing interest in the measurement and treatment of arterial 

stiffness in at-risk and the general population (5). Studies show that indices of arterial stiffness 

[augmentation index (AIx) and central pulse wave velocity (PWV)] are more diagnostic of 

arterial wall changes than traditional CVD risk factors, such as age, elevated blood pressure (BP), 

dyslipidemia, and diabetes mellitus (7-11). These indices can be assessed using non-invasive 

tools, such as applanation tonometry (AT) and photopleysmography (PPG) (12-14). However, the 

acute influence of hemodialysis (HD) and exercise on the measurement of arterial stiffness, the 

validity and reliability of available tools for estimating arterial stiffness and other factors, such as 

the choice of central or peripheral measurement site(s) are still undetermined in this evolving 

research field. 

While AT is widely considered to be the most common tool currently used for the non-

invasive detection of pulse waves in the determination of arterial stiffness (15,16), it has several 

limitations that can introduce both intra- and inter-operator error (17-19). Recently, PPG has been 

gaining attention as a potential alternative to AT in the assessment of arterial stiffness in clinical 
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populations (14,20); however, PPG use is in the infancy stage of technique development, and its 

validity, reliability, and responsiveness in comparison to AT has not been definitively 

established.  

Peripheral arterial stiffness measures have also received some attention as a potential 

surrogate for the more technically difficult to obtain central arterial stiffness measures (21). 

Recent literature regarding the heterogeneous composition of the arterial tree casts doubt upon 

the assumption that central and peripheral arterial stiffness measures are interchangeable (6,22-

24). For example, Pannier et al. (24) found only measures taken from central “elastic” arteries 

and not peripheral “muscular” arteries, to be a strong independent predictor of CV mortality. 

Similarly, a more recent study by Tillin et al. (6) found central, but not peripheral, arterial 

stiffness measures to be strongly associated with markers of atherosclerosis. These findings 

suggest that peripheral and central arterial stiffness measures are not interchangeable. 

A number of factors can impact the measurement of arterial stiffness in ESRD patients in 

particular. ESRD patients often receive HD, which introduces a number of hemodynamic 

changes that can affect the measurement of arterial stiffness (25-29). In addition, the acute effects 

of exercise on arterial stiffness remain unclear (30-32). This dissertation aims to respond to these 

research gaps, by addressing the validity, reliability, and responsiveness of PWV measured by 

PPG, by determining if peripheral arterial stiffness measures can be a valid surrogate for central 

measures, and by assessing the acute effects of HD on arterial stiffness in the ESRD population. 

In addition, this dissertation aims to address the acute effects of exercise on arterial stiffness in a 

non-clinical population to lay the foundation for future clinical studies.  

By providing healthcare practitioners with the knowledge to enable accurate 

interpretations of arterial stiffness measures, this research may help improve the detection and the 

assessment of interventions for the prevention of CVD in both healthy and at-risk populations.  
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1.2 Measurement of Arterial Stiffness by Non-invasive Methods 

1.2.1 Indices 

Arterial stiffness is a generic term that refers to the hardening of the arterial wall (33). It is 

commonly determined by analyzing the shape and/or timing of arterial pressure or volume 

waveforms using a technique called pulse wave analysis (PWA) (13,34). PWA can generate the 

two most common non-invasive indices of arterial stiffness: AIx and PWV. The first index, AIx, 

is described as an estimate of the stiffness of the "entire" circulation (i.e., systemic) (13,35). The 

second index, PWV, is described as an estimate of the stiffness of a "segment" of the arterial tree 

(i.e., regional) (10,14,36). 

AIx represents the rise in pressure in the arterial system derived from a central pulse 

waveform that has been calculated from a corresponding radial pulse waveform (peripheral 

arterial site) through the use of a generalized transfer function (35,37). Since AIx has been 

established to be a valid and reliable measurement of central arterial stiffness in both healthy and 

ESRD individuals (13,38,39), it is an attractive method for clinical researchers. However, heart 

rate can influence AIx, so software has been developed to standardize AIx values to a 

representative estimated value at a heart rate of 75 beats per minute (40). PWV is determined by 

the distance a pulse wave travels between two arterial sites (e.g., carotid and femoral) divided by 

the time it takes to travel that distance (10,41). This theory is based on the concept that the stiffer 

the artery, the faster the pulse wave travels between the two arterial sites, resulting in higher 

PWV values (10,42). Unlike AIx, which is an “indirect” measure of arterial stiffness calculated 

from a transfer function (43,44), PWV is considered a “direct” measure of arterial stiffness 

(10,45) that has the added advantage of being capable of generating assessments of peripheral 

arterial stiffness at various sites along the arterial segment of the vascular tree (46). Thus, 

between the two indices (i.e., AIx or PWV), PWV is the most widely accepted technique 
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(10,13,47) and the index most strongly linked to CV outcomes in the literature (8,48,49). 

1.2.2 Measurement Tools 

While a number of non-invasive tools are used to acquire pulse waveforms in the 

measurement of arterial stiffness, AT is the most common tool and is considered the reference 

method for assessing arterial stiffness (15,50,51). PWV by AT has proven to be a valid and 

reliable technique in studies with both healthy (15,50,51) and ESRD individuals (22,52,53).  

AT involves the use of a pencil-like probe that partially compresses a superficial artery, 

thereby permitting the recording of “pressure” pulse waveforms (14,18,54). However, a relatively 

high level of expertise is required to use this probe properly to acquire accurate and reproducible 

data (14,19) and therefore the reliability of PWV measured by AT is dependent on the skill of the 

operator (50,55). Furthermore, an improperly applied AT probe may alter the pressure waveform 

due to excessive or inconsistent artery compression (17,34). Most importantly, the simultaneous 

acquisition of AT signals from several measurement sites (e.g., PWV) requires multiple 

operators, with each holding an AT probe at the different arterial sites, thereby introducing the 

possibility of inter-operator error (19,56,57).  

Due to the stated limitations in the AT technique for the measurement of pressure pulse 

waveforms, consideration should be given to the use of PPG probes as a potential alternative to 

AT in the measurement of PWV. PPG probes are small infrared (IR) photoelectric sensors, 

comprised of an IR light source and a photodetector located on the same side, to allow the 

measurement of reflected light on the skin‟s surface (58,59). PPG probes emit an IR light that 

passes into the skin that is reflected, scattered and absorbed by dermal tissue, by vascular tissue, 

and by blood (59). With each heartbeat, as the wave of arterial dilation passes the probe, the 

“volume of blood” (a strong absorber compared to skin) in its vicinity increases and the 

amplitude of the detected signal falls which is captured by the photodetector, to generate the 
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representative pulse waveform (59-62). The PPG probe is less expensive, easier to operate, and is 

considered less prone to error than the AT probe (14,20,63,64).   

Unlike the pencil-like AT probe, the new PPG probe (i.e., model number: 

MLT1020PPG), which became available for use in 2009, is small and has a flat surface, allowing 

it to be held against the skin with a modified adjustable elastic Velcro band (65,66). This means 

less manual operation is required during data collection, thereby reducing the errors associated 

with improper use, movement, or disturbing contact between the probe and the skin‟s surface 

(60). Because this probe does not compress or otherwise alter the artery in question, it also avoids 

the possibility of distorting the waveform, as an improperly applied AT probe might (17,34). 

Finally, the ability to affix the probe to an arterial location minimizes the need for multiple 

operators and limits the potential for inter-operator error. 

While previous studies have demonstrated the PPG probe‟s efficiency, these studies were 

generally limited to assessment sites in the finger, ear or toe (14,65,67-69). Only a few studies 

have examined the validity and reliability of PWV by PPG in healthy individuals while at rest 

using arterial measurement sites comparable to those used with AT probes (14,20,59). It is 

difficult to draw general conclusions from these previous studies because their methodologies 

differed significantly (e.g., indirect vs. direct arterial stiffness measures, comparison from 

different arterial sites). In addition, to this author's knowledge, no published study has ever 

examined the validity and reliability of both central and peripheral PWV assessed by PPG in 

healthy or ESRD individuals while at rest using the most recent, flat-headed probe. As a result, 

there is no recognized standard for the clinical measurement of arterial stiffness of PWV by PPG 

with this new probe. By establishing the validity and reliability of PWV with PPG probes as 

compared to the reference (AT) method, this dissertation hopes to provide support for such a 

standardized outcome measure. Ultimately, if the measurement of arterial stiffness with this new 
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flat-headed PPG probe is found to be acceptable it may improve the ease of detection and 

tracking of CVD in both healthy and at-risk populations. 

1.2.3 Central and Peripheral Arterial Stiffness 

Measurements of central arterial stiffness (i.e., carotid-femoral PWV) are highly 

predictive of CV morbidity and mortality, but collection of pulse wave signals at the femoral 

artery can be difficult to obtain or embarrassing for participants due to the required exposure of 

the inguinal area (6,21,24). Consequently, peripheral arterial stiffness (i.e., carotid-radial PWV) 

measures have sometimes been used as a surrogate measure for central measures (21). However, 

the composition of arteries varies throughout the arterial tree, with larger central arteries (e.g., 

carotid) containing relatively higher elastin tissue than smaller peripheral arteries (e.g., radial) 

(22,23). This differing arterial wall composition may result in central arteries being more 

sensitive to changes in arterial stiffness. Caution should be used when deciding between central 

and peripheral arterial stiffness measures, as peripheral arterial stiffness measures have not been 

conclusively shown to be predictive of CV risk (6,24). Therefore, many common peripheral 

measurements (e.g., carotid-radial PWV, brachial-ankle PWV) should be interpreted considering 

this information.  

Research is required to establish the suitability of peripheral arterial stiffness measures as 

a surrogate for central ones in the assessment of CVD risk. Suitability assessments will be 

especially valuable in ESRD patients, who may experience premature arterial aging in the central 

arteries. To date, few studies have assessed both central and peripheral arterial stiffness measures 

in a population with elevated CV risk (6,21,24). Thus, there is an additional need to determine if 

central and peripheral arterial stiffness measures are interchangeable in ESRD patients. 

 In summary, the utility of arterial stiffness measurements as a predictor of CVD risk is 

limited, first by technical difficulties associated with the use of AT probes and second by the use 
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of potentially inappropriate peripheral surrogates for central arterial stiffness measures. Further 

research is necessary to establish a) the validity of PWV by PPG compared to the reference (AT) 

method, and b) the relationship between central and peripheral arterial stiffness measurements.  

1.3 Research Gaps 

In addition to these questions surrounding measurement tools and techniques, there are 

also several research gaps regarding factors that may influence the measurement of arterial 

stiffness itself. Most ESRD patients receive HD, a process known to influence arterial stiffness 

acutely (25-27,29). Additional research is needed to establish the time-course and magnitude of 

the acute effects of HD on arterial stiffness. As well, different modes, intensities and durations of 

exercise are thought to acutely influence both central and peripheral arterial stiffness, but the 

literature shows conflicting results (30-32,70-77). Improved measurements of arterial stiffness 

may facilitate the effective detection and prevention of CVD mortality. Further research is 

required to achieve this objective. 

1.3.1 The Influence of Hemodialysis on Arterial Stiffness 

Previous studies have suggested that HD can reduce arterial stiffness acutely and 

progressively during the treatment process and for a short period thereafter (25-27,29). In theory, 

one would anticipate that the gradual removal of fluid and waste products during HD would also 

result in a steady, gradual reduction in arterial stiffness. This may be attributed to: a) factor(s) 

effecting the vascular smooth muscle tone (i.e., more vasodilators and less vasoconstrictors) 

(26,78-81), b) reductions in sympathetic outflow related to less central and peripheral feedback 

stimulation (82-85), and c) increases in shear stress mechanical stimulation of the endothelium 

that may induce acute changes of the conduit artery function to vasodilate (86,87). Factor(s) 

leading to a decrease in arterial stiffness during the HD process are not fully characterized, 

thereby making it difficult to verify specific contributors. 
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It appears that Mardare et al. (25) is the only study to examine the time-course of 

intradialytic changes in arterial stiffness (measured by AIx) at one through 4 hours of HD. This 

study established that AIx decreased acutely during HD but that most of this reduction occurred 

within the first 2 hours of HD and remained at this lower level for the remainder of the 4-hour 

HD duration. This finding suggests that the factor(s) that are involved in the acute reduction in 

arterial stiffness with HD occur early in the HD process and therefore the timing of arterial 

stiffness measurements during HD treatment may influence the results. 

Most previous studies have based their findings on data from a single HD session without 

taking into account the possible changes associated with the varying intervals between different 

treatment days and other methodological approaches (e.g., different dialyzers) (25-27,29). A 

recent publication by Georgianos et al. (88) attempted to address the possible variability in 

arterial stiffness between HD sessions by reporting pre- and post-HD AIx measures for the first 

and midweek sessions. Change values were, however, calculated from the difference between 

AIx values recorded prior to HD and 1 hour following the previous HD day without any direct 

determination of potential baseline differences between days. More recently, Georgianos et al. 

(89) reported interdialytic increases in AIx to be higher during 3-day interval compared to 2-day 

interval. As a result, there is no conclusive evidence with respect to which day of the week would 

serve best as the baseline reference for determining arterial stiffness in ESRD patients. With the 

growing interest in the clinical measurement of arterial stiffness, more information is needed to 

conclusively establish the appropriate baseline reference for the determination of arterial stiffness 

in ESRD patients. 

 This lack of clarity regarding the acute effects of HD on arterial stiffness complicates both 

the measurement and treatment of arterial stiffness. First, it leaves researchers without an 

established reference point for assessment; thereby, compromising accuracy when measuring 
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arterial stiffness, within and between HD session in ESRD patients. Second, this lack of clarity 

surrounding the acute effects of HD arterial stiffness prevents any consideration of potential 

clinical applications. For example, Di Micco et al. (90) found that daily HD reduces PWV in 

ESRD patients. Several studies have also shown that increasing the frequency of HD improves 

outcomes such as anemia, left ventricular hypertrophy, calcium and phosphorus balance and 

health-related quality of life (91,92). This suggests that shorter but more frequent dialysis 

sessions may have clinical potential in some areas. Similarly, HD, or the mechanisms that 

underlie its acute effects, may or may not have clinical application for the long-term reduction of 

arterial stiffness. However, a better understanding of the time-course changes in AIx may be a 

precondition to exploring this potential. More research is therefore required to resolve this 

research gap and establish the time-course of the interdialytic and intradialytic effects of HD on 

arterial stiffness in ESRD patients during HD.  

1.3.2 The Effects of Exercise on Arterial Stiffness 

There is evidence to suggest that a single bout of exercise can cause acute changes to both 

central and peripheral arterial stiffness; however, the magnitude and direction of the changes 

observed can vary depending on the region examined (30-32,70-77). Exercise is usually graded 

by “intensity”, that is, dependent upon the degree of exertion relative to an individual‟s 

achievable maximum, and is commonly defined as mild, moderate, or high (93,94). Exercise can 

be further classified depending upon the mode of physiological exertion into “aerobic” (also 

referred to as cardiovascular, cardiorespiratory, or endurance), that primarily stresses the CV and 

respiratory systems or “resistance” (also known as strength training), that mainly stresses 

localized areas of skeletal musculature (95). 

Several cross-sectional studies with healthy individuals suggest a variable response of 

central and peripheral PWV arterial stiffness acutely after bouts of “aerobic” exercise performed 
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at different intensities. More specifically, a significant decrease in central PWV has been reported 

following an acute bout of moderate intensity “aerobic” exercise (30-32,70-77) with no 

difference found following graded “aerobic” exercise to exhaustion (30-32,70-77,96). Other 

studies have found a significant decrease in peripheral PWV of the exercising limb following 

high and moderate (30-32,70-77) intensity graded “aerobic” exercise. In addition, single-legged 

“aerobic” exercise studies have also shown a significant decrease in peripheral PWV of the 

exercising leg with no change in the non-exercising leg (30-32,70-77). 

Studies with healthy individuals that performed an acute bout of “resistance” exercise at 

high and/or moderate (30,76,97) intensity have found a significant increase in central PWV 

measures acutely following the exercise. Studies examining the responses to single-legged 

“resistance” exercise reported a significant decrease in peripheral PWV of the exercising leg with 

no change in the non-exercising leg (76,98). 

Typically, these previous exercise studies focused on acute changes in arterial stiffness 

comparing pre-exercise values to those immediately following and within an hour of the post-

exercise period, as there are technical limitations to measuring arterial stiffness during exercise 

itself. Overall, these results suggest that the acute effects of exercise on arterial stiffness may 

depend significantly on the mode, the intensity of exercise, and the measurement site. 

 To date, however, no studies have examined the validity and responsiveness of central 

and peripheral PWV measured with PPG after an acute bout of exercise in either healthy or 

ESRD individuals. Since ESRD patients normally have lower levels of habitual physical activity 

(99,100) and are at an increased risk of CVD compared to the general population (2,101), they 

constitute as an at-risk study population. Accordingly, there is still significant research to be 

conducted in examining healthy individuals, in order to establish a baseline for future studies of 

populations at elevated CV risk (e.g., ESRD patients). Better understanding, of the acute effects 
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of exercise on arterial stiffness in healthy individuals is therefore an important step towards 

future studies in at-risk populations and could ultimately have clinical potential. Lastly, 

understanding the mechanisms that underlie the acute effects of exercise on arterial stiffness 

could point towards other, non-exercise based interventions. More research is therefore needed in 

order to understand these acute effects more fully.   

1.4 Dissertation Structure and Intent 

1.4.1 Objectives 

A number of important research questions remain regarding the most effective way to 

measure arterial stiffness, particularly in clinical situations. The purpose of this dissertation was: 

a) to aid in establishing the validity, reliability, and responsiveness of PWV assessed using the 

new PPG probe compared to the reference (AT) method, and b) to provide further insight 

regarding whether peripheral PWV is in fact a valid surrogate of central PWV in healthy and 

ESRD individuals. 

A number of questions also remain about factors that can influence arterial stiffness itself. 

Consequently, the purposes of the studies contained in this dissertation are to examine: c) the 

acute influence of HD and d) the acute effects of aerobic exercise to exhaustion on arterial 

stiffness. Ultimately, the acquisition of this knowledge may help researchers interpret the 

measurement of arterial stiffness more thoroughly, and aid healthcare practitioners in the 

detection and assessment of CVD in healthy and at-risk populations alike.  

1.4.2 Structure 

Chapter 2 of this dissertation provides a comprehensive literature review of the 

pathophysiology of ESRD as it relates to vascular function, arterial stiffness, arterial stiffness 

measures, and the effect of HD, and acute exercise on arterial stiffness; highlighting the research 

gaps discussed above that justify the three studies that follow (Chapters 3 to 5).  
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Chapter 3 is comprised of Study 1, which examined the effects of HD on arterial stiffness 

(measured by AIx) in 23 ESRD patients. The primary objective of this study was to provide 

greater detail regarding the intradialytic time-course of change in arterial stiffness in ESRD 

patients with novel time point measures during the transition phases both at the onset and 

cessation of HD. A second objective was to examine the impact of interdialytic changes in pre-

HD AIx values over 3 consecutive HD days and to compare those to day-to-day variations in 30 

healthy individuals.  

Chapter 4 contains Study 2, a cross-sectional study designed to evaluate the validity and 

reliability of carotid-radial (peripheral) and carotid-femoral (central) PWV using the new PPG 

probe compared to the reference (AT) method in 12 ESRD patients undergoing maintenance HD. 

The primary objective of this study was to evaluate the validity and reliability of peripheral (i.e., 

carotid-radial) and central (i.e., carotid-femoral) PWV determined by the new PPG method 

compared to the reference (AT) method in ESRD patients prior to undergoing maintenance HD. 

A second objective was to determine if peripheral PWV measures could be used as a surrogate 

for central PWV measures.  

Chapter 5 is comprised of Study 3, a cross-sectional proof-of-concept study that examined 

the acute changes in central PWV and peripheral PWV [carotid-radial (non-exercising limb) and 

femoral-dorsalis pedis (exercising limb)] measurements using PPG following an acute bout of 

high intensity “aerobic” exercise (leg exercise) to exhaustion in 7 healthy young adults with no 

known CV risk factors. The primary objective of this study was to evaluate the validity of central 

and peripheral PWV determined by the new PPG method compared to the reference (AT) method 

in young healthy individuals who performed an acute bout of stepwise aerobic exercise to 

volitional fatigue. A second objective was to further evaluate the acute influence that a bout of 

aerobic exercise had on central PWV and peripheral PWV in both the exercising and non-
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exercising limb, as determined by both the new PPG method and the reference (AT) method. 

Chapter 6 of this dissertation begins with a summary and general discussion of the 

aforementioned investigations before concluding with a series of clinical recommendations and 

suggestions for future research and clinical practice.  
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2.1 Introduction  

Increased arterial stiffness is a significant cardiovascular disease (CVD) risk factor, 

especially in an at-risk population, such as end-stage renal disease (ESRD) patients (1-3). This 

elevation in CVD risk associated with ESRD makes the effective measurement of arterial 

stiffness an important concern. The purpose of this literature review is to outline the current state 

of research surrounding the measurement of arterial stiffness in both healthy and ESRD 

individuals.  

This review will begin by providing background information, including an overview of 

ESRD, hemodialysis (HD), the arterial system, and arterial stiffness. The indices and 

measurement tools used to evaluate arterial stiffness will then be discussed. In addition, this 

review will highlight a number of knowledge gaps regarding the measurement of arterial stiffness 

including: a) the validity and reliability of pulse wave velocity (PWV) determined using 

photopleysmography (PPG) compared to the reference method [i.e., applanation tonometry 

(AT)], b) the validity of using peripheral PWV as a surrogate measure for central PWV measures 

in the prediction of CVD risk and assessing acute changes in arterial stiffness, c) the acute effects 

of HD on arterial stiffness, and d) the acute effects of exercise on both central and peripheral 

arterial stiffness. 

The intent of this literature review is to provide a compelling research rationale for 

developing a better understanding of arterial stiffness measurements. Ultimately, enhanced 

knowledge of the issues related to the measurement of arterial stiffness may help healthcare 

practitioners in their efforts to detect and prevent CVD in healthy and at-risk populations alike.  
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2.2 Background  

Most ESRD patients receive regular HD treatment (4-6), have an elevated risk of CVD 

(7), experience premature arterial aging (8) and therefore represent the ideal sample population 

for research regarding the measurement of arterial stiffness in at-risk individuals. 

2.2.1 Overview of End-Stage Renal Disease (ESRD) 

2.2.1.1 Prevalence and Incidence Rates  

The prevalence and incidence rates of ESRD have increased greatly in Canada since the 

1990‟s. As of December 31, 2010, there were 39,352 individuals currently being treated for 

ESRD in Canada, an increase of 222% from 1991 (4). For almost 20 years, the prevalence rate of 

ESRD has increased dramatically across all age groups, with the greatest increase reported in 

patients 65 years of age and older. More specifically, ESRD rates rose 327% in individuals 

between 65 to 74 years, and 887% in individuals 75 years and older (4).  

In addition to these increased prevalence rates, the incidence rate for ESRD has also been 

rapidly increasing. In 2010, there were an estimated 5,646 newly diagnosed ESRD patients, an 

increase of 116% since 1991 (4). The aging of the Canadian population is reflected in this 

demographic profile of newly diagnosed ESRD patients, with 53% of those newly diagnosed 

with ESRD being age 65 years or older in 2010, compared to 39% in 1991 (4). Thus, ESRD is an 

increasing public health concern, particularly in our aging population segment. 

2.2.1.2 Costs of ESRD Treatment  

The current prevalence and incidence rates of ESRD have placed a serious financial 

burden on the Canadian healthcare system (9). By the end of 2010, 59% of ESRD patients were 

on dialysis (4,10). In 2010, the Canadian Institute for Health Information (CIHI) estimated cost 

for HD treatment was approximately $60,000 per patient, per year of treatment (10,11). With an 

estimated 39,352 ESRD individuals in 2010 (9,11), that amounts to approximately $140 million 



 

27 
 

dollars per year. Moreover, nearly 80% of all newly diagnosed ESRD patients receive HD 

treatment (4-6). If this trend continues, in combination with the rising ESRD prevalence, 

healthcare costs will only continue to grow. Thus, CVD detection and prevention in patients with 

ESRD is an important financial concern. 

2.2.1.3 Cardiovascular Disease and Arterial Stiffness in the ESRD Population 

Much of the increased mortality rate in the ESRD population is the result of CVD. 

Compared to the general population, ESRD patients have a 10 to 30 times greater risk of death 

due to the development of CVD (12-14), with cardiovascular (CV) events accounting for up to 

50% of these deaths (7,15). These differences in CV related mortality are even more pronounced 

in young ESRD patients who suffer from excessive rates of CV mortality that has been estimated 

to be as high as 700 percent over their apparently healthy age matched counter-parts (16).  

This is not surprising that young ESRD patients experience premature arterial aging 

(8,17,18). Premature arterial aging is associated with the acceleration of age related structural 

changes (i.e., fraying and decreasing of elastin tissue in the arterial wall) known to occur with 

some disease processes, including ESRD (19,20). In fact, arterial stiffness associated with 

premature arterial aging has been reported to be a strong risk factor for CVD (3,17,21) and a 

strong independent predictor of CV morbidity and mortality, especially in the ESRD population 

(1,2). Arterial stiffness generally tends to increase in parallel with the progression of renal failure 

(1,22) and there has, therefore, been increasing interest in the relationship between arterial 

stiffness and CVD in this population (23). Much of the previous research in this area suggests 

that the measurement of arterial stiffness could be an important tool in identifying patients who 

are at greater risk of CVD. Ultimately, these measurements may lead to earlier and more cost 

effective treatment. 

 



 

28 
 

2.2.2 Overview of ESRD and Hemodialysis 

2.2.2.1 Pathophysiology and Clinical Presentation of ESRD 

ESRD is defined as irreversible, substantial, and generally long-standing renal failure 

(24). ESRD usually follows chronic kidney disease (CKD), and it often takes 10, 20 or more 

years for CKD to progress to permanent renal failure and ESRD (25). ESRD is considered the 

final (5
th

) stage of CKD (24). During ESRD the kidneys are “permanently” functioning at 

complete, or near complete, failure (i.e., less than 90% of their normal capacity) (24) and without 

renal replacement therapy, provided in the form of dialysis [hemodialysis or peritoneal dialysis] 

or kidney transplantation, death often occurs within 72 hours (24,26). These facts emphasize the 

serious clinical nature of this disease and the need for effective outcome measures to delay 

progression of the disease and identify those at increased risk of secondary complications.  

2.2.2.2 Hemodialysis as a Treatment for ESRD 

Hemodialysis is the primary modality of treatment for advanced and permanent renal 

failure (6,10,27). Essentially, HD acts as an artificial kidney (hemodialyzer) to remove waste 

products and excess fluid and to “clean” the blood (6,18). During the HD process, blood is 

removed from the body then circulated through a dialyzer circuit before it is returned to the body. 

During dialysis blood flow is monitored and maintained while a dialysate, a sterile chemical 

solution in the dialyzer, is administered to draw toxins and waste products out of the blood 

(28,29). Typically, HD is prescribed three times per week for 3 or 4 hours each session, and 

remains ongoing for the lifetime of the patient or until successful kidney transplantation (6). 

Unfortunately, HD does not replace the normal endocrine and metabolic function of the kidneys 

(29) and many ESRD patients suffer from a constellation of poor health outcomes, including a 

marked increase in CVD development and progression (e.g., hypertension, peripheral vascular 

disease, cardiac dysfunction) (30,31). Although there is evidence to suggest that HD can help to 
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acutely lower the increased arterial stiffness commonly associated with ESRD, this effect is still 

not well understood (32-35). 

2.2.3 Overview of the Arterial System  

The arterial system itself is responsible for transporting oxygenated blood from the left 

ventricle of the heart through to the aorta, to large central arteries that gradually decrease in 

diameter to medium sized distributing peripheral arteries, eventually branching into arterioles, 

and finally into capillaries that feed the tissues and organs (36). Although the arteries vary in size 

and function, they work together to maintain blood flow throughout the body. Essentially, the 

arterial system regulates the flow of blood so that it is continuous at the level of the capillaries 

during systole (the contraction of the heart‟s ventricles) and diastole (the relaxation period) (36).  

2.2.3.1 Structure and Function of the Arterial Wall  

All artery walls have 3 principle layers (Figure 2.1). The intima (innermost) layer is a thin 

single layer of endothelium cells with some subendothelial connective tissue (37). The 

endothelial cells sense and respond to the changes in the blood flow environment (changes from 

homeostasis). For example, the endothelial cells help control vascular tone by releasing 

vasoconstrictors or vasodilators to regulate the pressure and flow of blood in the artery (38). The 

media (middle) layer accounts for most of the thickness of the artery wall and contains vascular 

smooth muscle cells, elastin tissue, and collagen tissue (37). The media is responsible for most of 

the mechanical function of the arterial wall through its components (elastin-collagen ratio) in 

determining the elasticity of the arterial wall (38). The externa (outermost) layer is thinner than 

the media layer and primarily consists of connective tissue (37,39,40). Its mechanical function is 

less well defined (38). Overall, different arteries serve different purposes for which their 

components of the arterial wall vary in proportion and arrangement according to their location in 

the arterial tree. 
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Figure 2.1 Schematic cross-sectional view of a healthy artery with the three layers  

       

 

2.2.3.2 Elastic and Muscular Arteries  

Arteries are often divided into 2 general types: elastic and muscular. Elastic arteries are 

located close to the heart, and are known as central arteries (e.g., carotid, renal, iliac). Muscular 

arteries are located distally from the heart, and are known as peripheral arteries (e.g., radial, 

brachial, and femoral) (40). As the vessels branch out from the aorta they gradually decrease in 

diameter, decrease in wall thickness, and the relative tissue components (e.g., endothelium, 

elastin, collagen, smooth muscle) vary in their proportions (Figure 2.2) (41,42). 
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Figure 2.2 Comparison of the relative tissue distribution at the different arterial segments in the 

circulatory system  
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The arterial system can be further divided into 3 main functional compartments. First, 

there are large central arteries (e.g., carotid, renal, iliac), which are found closest to the heart and 

have the largest diameter. They contain a relatively large proportion of elastin with a low amount 

of collagen, allowing them to stretch during systole and recoil during diastole. This ability to 

stretch and recoil is an important determinant in helping the propagation of blood to move 

“forward” throughout the arterial tree (conduit function) (36,43-45). Second, there are medium 

sized peripheral arteries (e.g., radial, brachial, and femoral), which are located distally from the 

heart. These arteries have a smaller diameter, and less elastin compared to central arteries and 

they have a proportionally thicker layer of smooth muscle cells (36). By changing their arterial 

muscle tone, muscular arteries can change the speed that blood flows in the arterial system 

(cushioning function) (36,41,45-47). Lastly, arterioles, are even smaller in diameter, contain even 

less elastin tissue compared to the peripheral arteries and function to regulate the flow of blood 

into different tissues (36).  

Since peripheral arteries are located further away from the heart, are smaller in diameter, 

have a thicker smooth muscle layer, and most importantly, have lower elastin tissue, they are 

generally stiffer than central arteries, even in healthy individuals (48-51). For the same reasons, 

peripheral arteries are not generally as sensitive to normal aging (48-51). This suggests that 

variations in arterial stiffness may be best measured with central arteries. Furthermore, the 

literature has shown 80% of the total compliance (a non-invasive index of arterial stiffness) of the 

systemic arterial tree is accounted for in the thoracic-abdominal aorta (52), to suggest a change in 

peripheral arterial stiffness may not have much of an impact on the work of the heart or on the 

total systemic arterial compliance. 
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2.2.4 Overview of Arterial Stiffness 

Arterial stiffness is a generic term that refers to "the hardening in the arterial wall" (23). 

While an important risk factor for CVD, arterial stiffening occurs naturally with aging (20,53-

55). However, studies have reported stiffer arteries among ESRD patients compared to age- and 

blood pressure (BP)-matched healthy individuals (20,56). 

2.2.4.1 Age-Associated Structural Changes in Healthy Arterial Walls 

Age-related stiffness seems to result from structural changes to the media and externa 

layers in the arterial walls (57,58), including a decrease in elastin tissue (i.e., decreasing 

elasticity) and an increase in collagen tissue (i.e., increasing rigidity) (8,54,59). In addition, as 

one ages the media layer undergoes sclerosis and hardening, known as arteriosclerosis (8,54,59). 

These structural changes predominately affect the central “elastic” arteries, and to a much lesser 

extent, the peripheral “muscular” arteries (43).  

2.2.4.2 Arterial Stiffness in ESRD Patients  

Age related structural changes in the arterial wall are also known to accelerate with some 

disease processes, including ESRD (19,20). Compared to the general population, ESRD patients 

are at an increased risk of arterial disease that typically develops early during the course of renal 

impairment and progresses as renal function deteriorates (60). This time-course of increasing 

arterial stiffness in concert with disease progression has been attributed to both the acceleration 

of premature arterial aging (fraying and decreasing of elastin tissue) and arteriosclerosis, which 

together stiffen the central arteries (61,62). 

Several mechanisms are thought to contribute to this premature aging of the arterial wall 

in ESRD patients, summarized in Figure 2.3, including: a) endothelial dysfunction, related to the 

decreased production of nitric oxide (NO) a known vasodilator, the increased production of 

endothelin-1 (ET-1) a key mediator of vascular tone, and the increased production of asymmetric 
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dimethylarginine (ADMA) known to interfere with the production of nitric oxide (63); b) an 

inflammatory state, with elevated levels of pro-inflammatory cytokines which promotes systemic 

inflammation (54,60); c) changes to bone/mineral metabolism, that can result in two distinct 

types of arterial calcification (intima and media) (54,60); d) oxidative stress, resulting in cell 

damage through the oxidative process (54); e) increased intima-media thickness, resulting from 

decreased elastin tissue in the arterial wall, increased collagen, and increased smooth muscle cell 

proliferation (19,20,54,60,64); f) chronic volume overload between HD treatments (65,66); and 

g) various endocrine abnormalities (e.g., sympathetic overactivity, activation of the renin-

angiotensin-aldosterone system) (65,66). 

ESRD appears to be associated with the acceleration of the development of arterial 

stiffness, and thus with elevated incidences of CV morbidity and mortality (67). The ability to 

measure arterial stiffness accurately is therefore crucial in detecting and preventing CVD, 

especially in the ESRD population.  
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Figure 2.3 Conceptual diagram of some of the potential mechanisms thought to increase arterial stiffness in end-stage renal disease 

patients 
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2.3 Measuring Arterial Stiffness 

2.3.1 Non-invasive Indices of Arterial Stiffness 

There are many non-invasive indices for evaluating arterial stiffness. One reason for this 

wide range of indices is that “arterial stiffness” is a generic term applied to a wide variety of 

different vascular parameters (23). Many of the different indices themselves are not synonymous 

or interchangeable. Table 2.1 summarizes the most common non-invasive indices of arterial 

stiffness, including their definitions, formulae, unit(s), and the technique(s) used to generate 

quantitative estimates of the arterial wall properties (23,68).  

Of these indices, the two most common are augmentation index (AIx) and PWV 

(44,45,69). Although these indices provide different information, both are commonly determined 

by analyzing the shape or timing of an arterial pressure or volume waveform using a technique 

called pulse wave analysis (PWA) (69,70).  
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Table 2.1 Non-invasive indices of arterial stiffness with their definition, formula, unit(s), and technique(s) [adapted from MacKenzie 

et al. (23) and O‟Rourke et al. (71)] 

 

 

Indices 

 

Definition Formula Units Technique(s) 

Arterial Compliance 

Absolute diameter (or area) change for a 

given pressure increase at a fixed vessel 

length (distance) 
D/P 

cm/mmHg  

or  

cm
2
/mmHg 

Ultrasound* 

MRI 

Arterial Distensibility 
Relative change in diameter (or area) for a 

given pressure change 
D/P x D mmHg

-1
 

Ultrasound* 

MRI 

Augmentation Index 

Difference between the 2
nd

 and 1
st
 systolic 

peak divided by the pulse pressure; 

percentage of pulse pressure 

[(P2-P1)/(PP)] x 100 % Pressure waveform* 

Elastic Modulus 

Pressure increase needed for a (theoretical) 

100% stretch from the resting diameter at a 

fixed vessel length 
P x D/D mmHg 

Ultrasound* 

MRI 

Pulse Pressure 
Difference between peripheral systolic and 

diastolic blood pressure 
SBP-DBP mmHg Sphygmomanometer* 

Pulse Wave Velocity 

Speed at which the pulse wave travels along 

a defined length of artery 
D/t 

m/s  

or  

cm/s 

Pressure waveform* 

MRI 

Ultrasound 

Volume waveform 

Stiffness Index 
Ratio of the logarithm of systolic/diastolic 

pressures to relative change in diameter 
In(Ps/Pd)/(Ds-Dd)/Dd no units Ultrasound* 

Young‟s Modulus 

Elastic modulus per unit area; pressure 

increase needed per square centimeter for a 

theoretical 100% stretch from the resting 

length (accounts for wall thickness) 

P x D/(D x h) mmHg/cm Ultrasound* 

MRI 

 

Abbreviations: =change; D=diameter; DBP=diastolic blood pressure; Dd=diastolic diameter; Ds=systolic diameter; h=wall 

thickness; In=natural logarithm; MRI=magnetic resonance imaging; P=pressure; P1=first systolic peak; P2=second systolic peak; 

Pd=diastolic pressure; PP=pulse pressure; Ps=systolic pressure; SBP=systolic blood pressure; t=time  

 

* Most common technique 
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2.3.2 Pulse Wave Analysis  

PWA is a technique that determines arterial stiffness by analyzing the shape or timing of 

arterial "pressure" or "volume" waveforms (69,70,72,73). With each beat of the heart, a central 

arterial waveform is produced (also known as an augmented waveform) (Figure 2.4). This 

waveform has two components. When the left ventricle contracts the heart produces an incident 

(forward) wave that travels out away from the heart. Second, when this wave encounters a 

peripheral site of resistance (e.g., bifurcation, vascular bed, diameter change of vessels), it creates 

a reflected (backward) wave that travels back towards the heart from its point of origin (71). The 

backward reflected wave from the periphery summates with the forward incident wave to 

produce the characteristic augmented waveform, the shape of which varies along the vascular tree 

(23,47,74).  

Figure 2.4 Generation of a central arterial waveform  

 

a) Incident wave - generated by the left ventricle contracting and it travelling away from the heart  

b) Reflected wave - created by points of resistance (e.g., bifurcations, vascular beds, diameter   

    change of vessels) 

c) Augmented wave - summation of the incident and reflected wave  

 
 
 
 
 
 
 
 
 
    
    
 

 

 

 

 

 

 

 

 
                                         

    Incident wave Reflected wave 

c) Augmented wave 

  

a) Incident wave b) Reflected wave 
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 In young healthy individuals without increased arterial stiffness, at rest the reflected and 

incident waves combine in diastole. This augmented waveform allows enhanced coronary artery 

perfusion and prevents central systolic pressure and therefore afterload from being affected (75). 

However, with increased arterial stiffness the reflected wave returns faster and superimposes on 

the incident wave during systole, not diastole, thereby changing the shape of the central systolic 

pressure waveform. When this happens, there is an increase in central systolic pressure and a 

reduction in the pressure during diastole, resulting in a decrease in coronary artery perfusion, and 

increased pulse pressure (76). Through analysis of these pulse waveforms, PWA can non-

invasively provide important information about arterial stiffness.  

2.3.3 Augmentation Index (AIx) 

Augmentation index (AIx) is an “indirect” measure of central arterial stiffness. It involves 

the calculation of the rise in pressure in the arterial system derived from a central (ascending) 

aortic waveform (74,77-79). AIx is an accepted indication of the reflective properties of the 

vasculature system and is influenced by the elasticity of the vessel wall, the vascular tone, and/or 

vascular smooth muscle/wall thickness (79). Figure 2.5 illustrates the equipment and steps 

commonly used to capture a central aortic waveform. Since AIx is influenced by heart rate, AIx 

measures are commonly adjusted to a standard heart rate of 75 beats per minute (bpm) (80) that 

can only be calculated when the individual‟s heart rate is between 40 and 110 bpm (81).  
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Figure 2.5 Steps involved in recording a radial waveform to derive its corresponding central aortic waveform using a SphygmoCor 

apparatus to determine augmentation index  
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Figure 2.6 is schematic diagram of a central aortic waveform along with representation of 

how AIx is calculated, using the following equation: AIx=CAP/CPP x 100 (80). Central 

augmented pressure (CAP) is the difference between the second (P2) and first (P1) systolic peak, 

while central pulse pressure (CPP) is calculated as the difference between central systolic 

pressure (CSP) and central diastolic pressure (CDP), with AIx expressed as a percentage (80). 

Higher values of AIx are assumed to reflect greater arterial stiffness (69,82). 

Figure 2.6 A schematic diagram of a central aortic waveform representing how augmentation 

index is determined                                                                      
  

 

 

 

 

   

 

 

 

 

Abbreviations: AIx=augmentation index; CAP=central augmented pressure; CDP=central 

diastolic pressure; CPP=central pulse pressure; CSP=central systolic pressure; P1=first systolic 

peak; P2=second systolic peak 

 

 

Typical AIx values for individuals between 20 to 30 years of age are approximately 2% 

for males and 9% for females (83). However, for individuals between 80 to 90 years of age, AIx 

values for males and females are estimated at 30% and 37%, respectively (83). This represents a 

6-fold difference over an estimated 60 to 70 years.   

 

CAP=P2-P1 

CPP=CSP-CDP 

 

 

 

      AIx = CAP x100 

                 CPP 

 

 

 

             

Aortic 

 

P
re

ss
u

re
 (

m
m

H
g
) 

Time (ms) 



 

42 
 

2.3.3.1 Advantages and Disadvantages of AIx 

Augmentation index is technically easy to employ, the equipment used to calculated AIx 

is portable and convenient, and it provides a robust index of “systemic” arterial stiffness 

(23,84,85). In addition, AIx has the advantage of estimating central pulse waves from the radial 

rather than the femoral artery, thereby enhancing patient privacy. Patient privacy is particularly 

useful in a HD unit where privacy may be an issue.  

However, the use of AIx as an index for arterial stiffness also has a number of potential 

disadvantages. AIx has been shown to be influenced by various physiological factors, such as 

heart rate (e.g., an increase in heart rate is associated with a decrease in AIx values and vice 

versa) (86,87), height (e.g., taller individuals have lower AIx values) (88), gender (e.g., higher 

AIx values in females than males) (89,90), and age (e.g., a tendency for AIx to plateau off with 

increasing age at approximately 50 years in healthy individuals) (89,91,92). Although several 

studies have validated the generalized transfer function used to calculate AIx (93-96), it still 

continues to be criticized for assuming a universal or generalized relationship between radial and 

central aortic waveforms (97,98). Calculation of AIx using measurements from the radial artery 

has also attracted some criticisms because peripheral arteries are not subject to the same adverse 

age-related effects as central arteries (99,100). AIx is most commonly estimated by AT (69). 

However, the technical limitations of AT have been shown to result in under- or overestimated 

AIx values (93,101-103) in comparison to AIx calculated from direct measures of arterial 

pressure waveforms. 

Some diseases can have an opposite effect on the central and peripheral arterial systems, 

causing structural and functional changes in the small arteries (e.g., diabetes mellitus, obesity, 

and metabolic syndrome - common among ESRD patients) in advance of pathological changes in 
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larger, central arteries (104-106). Diseases associated with increased adipose (i.e., fat) tissue 

(107), have been suggested to result in fat encapsulation of the peripheral arteries and thereby 

exert a “cushioning” effect on AIx measures by reducing intra-arterial pressure (70,108,109). 

This impact of peripheral artery adipose encapsulation on AIx could be overcome if multiple 

assessments were performed along the vascular tree, but unfortunately, AIx measures are often 

restricted to the carotid and radial artery (110).  

There are mixed results from several studies regarding AIx being an independent 

predictor of CVD and/or CV events (22,44,111-116). This discrepancy may, at least in part, be 

due to differences in the ascertainment of the central aortic waveform characteristics, either by 

direct measurement (112) or estimation by the application of a generalized transfer function to 

the radial artery waveform data (111,113), and to the method of assessment of CVD. 

To date, few studies have examined the relationship between AIx and PWV, with the two 

measures having different units of measurements [percent (%) and meters/second (m/s), 

respectively] (88). One study found in 105 offspring (41 males, age: 19 to 71 years) of patients 

with familial hypertension, arterial stiffness assessed with AIx from the radial artery and PWV 

from the carotid and radial arterial site, there was a positive relationship (r=0.29, p<0.005) (88). 

However, this study also highlighted a difference in how AIx, but not PWV, was influenced by 

gender and height. More specifically, AIx was 7-fold higher in females than in males 

(22.04±12% and 8.59±13%, p<0.001 respectively); this difference, in part, they explained by the 

inverse regression correlation between AIx and height (r=-0.45, p<0.001). These findings may be 

attributed to the variation of the arterial structures that were measured. More specifically, aortic 

AIx is considered a measure of central arterial stiffness and carotid-radial PWV is considered a 

peripheral measure. This review addresses if peripheral arterial stiffness measures are a surrogate 

of central arterial stiffness measures (see Section 2.3.4.2 for details, p. 46).  
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2.3.4 Pulse Wave Velocity (PWV) 

Pulse wave velocity is recognized as another valid and reliable measure of arterial 

stiffness and is the most common index used to estimate arterial stiffness (70,117,118). PWV is 

defined as the speed at which a pulse wave travels along an arterial segment between two arterial 

sites, and is determined as the ratio of the distance traveled (∆ distance) to the time delay between 

these two locations (known as pulse transit time, PTT), and is calculated according to the 

equation: PWV=∆ distance/PTT (Figure 2.7) (86,117,119). While AIx is still widely used, a 

recent consensus has identified PWV as the best available indicator of arterial stiffness (39). 

The most common approach for estimating PWV involves capturing the pulse wave 

profile at two distant locations, a proximal arterial site (e.g., carotid artery) and a distal arterial 

site (e.g., femoral artery) (86,117). At present, aortic PWV, measured between the carotid and 

femoral artery (known as central PWV or carotid-femoral PWV), is considered the “gold 

standard” for evaluating central arterial stiffness (44,101,120). PWV may also be measured in 

peripheral vascular segments, the most common being brachial PWV (carotid-radial PWV) and 

femoral PWV (femoral-dorsalis pedis PWV) (121-123). Higher values of PWV are taken to 

reflect elevated arterial stiffness. A typical central PWV value of a 20-year-old individual is 5.0 

m/s and for an 80-year-old 12.0 m/s (74,124,125). This represents an estimated 2.4 fold 

difference over 60 years. 
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Figure 2.7 Determining carotid-femoral pulse wave velocity  
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Pulse Wave Velocity = ∆ distance (femoral - carotid artery) / pulse transit time 

 

 

Abbreviations: ∆=change; ECG=electrocardiogram; notch=suprasternal notch; PTT=pulse 

transit time; PWV=pulse wave velocity    
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2.3.4.1 Central PWV as a Predictor of Cardiovascular Events 

A great deal of epidemiological evidence supports the value of using central PWV for the 

prediction of CV events (44,118,126-128). Central PWV has also been shown to be a strong 

independent predictor of arterial stiffness in  populations at-risk for CVD (e.g., ESRD) when 

compared to discrete assessments of age-associated alterations to the arterial wall, blood pressure 

(BP), gender, and heart rate (1,48,124,129,130). Although PWV can be calculated in any segment 

of the arterial tree (131), only central PWV has been identified as a direct indicator of central 

arterial stiffness (126,132). 

Laurent et al. (126) demonstrated in hypertensive individuals (n=1980; age: 40 to 58 

years), that a 5 m/s increase in central PWV was associated with a 50% increase in CV mortality. 

Sutton-Tyrell et al. (133) found central PWV to be associated with coronary heart disease (CHD), 

stroke, and CV mortality in well-functioning, older community-dwelling population (n=2488; 

age: 70 to 79 years). Independent of age, gender, race, and systolic blood pressure (BP), 

individuals with central PWV values >6.41 m/s for males and >6.27 m/s for females had a greater 

than 2-fold increase in the risk of CV disease, a 2- to 3-fold increase in stroke, and a greater than 

50% increase in CHD.  

2.3.4.2 Peripheral PWV as a Surrogate for Central PWV 

Carotid-femoral PWV (a central measure) requires exposing the inguinal area to obtain 

pulse waveforms from the femoral artery, which can compromise an individual‟s privacy. As a 

result, carotid-radial PWV (a peripheral measure) has been used as a surrogate (44,111,134). Di 

Iorio et al. (135) analyzed the relationship between carotid-radial PWV values and carotid-

femoral PWV values in 105 HD patients (age: 64.6±16.1 years). They found a strong regression 

coefficient (R
2
=0.90) between the carotid-radial and carotid-femoral arterial sites with a mean 
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difference of only -0.037±0.99 m/s. Overall, these findings suggest carotid-radial PWV may be a 

valid surrogate of carotid-femoral PWV. 

However, when Latham et al. (131) investigated the diameter and pulse wave contour of 

the entire human aorta and its terminal branches (i.e., iliac arteries) through invasive pressure 

recordings in patients electing to have cardiac catherization (n=9; age: 42±5 years), they found 

heterogeneity of the PWV values along the arterial tree. Specifically, distal parts of the aorta had 

a smaller diameter and thus a higher PWV value. For example, when studying a 35-year-old 

normotensive male, they found PWV values increased from 4 to 5 m/s in the ascending aorta to 5 

to 6 m/s in the abdominal aorta then 8 to 9 m/s in the iliac and femoral arteries (Figure 2.8).  
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Figure 2.8 Schematic diagram of the descending aorta with an example of pulse waveforms, 

average diameter, and PWV values along the different regions for a normotensive 35-year-old 

male. The shaded area depicts the region of the aorta modeled by the elastic vessel.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Abbreviations: AR=aortic root; SD=standard deviation 
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E 

Averaged Diameters (±SD) 

Location         cm                  

      A           2.6±0.2 

      B           2.3±0.1 

      C           2.0±0.1 

      D           1.3±0.1 

      E          0.79±0.03    

1. 

2. 

3. 

4. 

5. 

6. 

Averaged PWV (±SD) 

Location         m/s                  

    1-2           8.8±0.4 

    3-2           9.2±0.5 

    4-3           5.7±0.4 

    5-4           5.2±0.1 

    6-5           5.3±0.2   

    AR           4.4±0.4 

AR 
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The structure and function of the arterial system differs markedly between large central 

elastic arteries (e.g., aorta and major branches), representing the principal conduit system, and the 

stiffer peripheral muscular arteries (e.g., femoral) that have a predominantly cushioning function 

(48). These variations in structure may cause the pulse wave contour to change from the aorta to 

the femoral arteries.  

The elastin tissue of central arteries tends to fray and decrease with age and this 

contributes to increased arterial stiffness. The time-course of increasing arterial stiffness with 

disease progression has been attributed to the acceleration of premature arterial aging (fraying 

and decreasing of elastin tissue) and arteriosclerosis, which together dilate and stiffen central 

arteries (61,62,138,139). However, due to their muscular nature, peripheral arteries do not 

undergo the same large changes in elastin tissue with age (140). Mitchell et al. (140) evaluated 

changes in central (carotid-femoral PWV) and peripheral (carotid-brachial PWV) arterial 

stiffness with advancing age, assessed by AT, in a subset of 521 healthy individuals (188 males, 

age: 56±9 years and 333 females, age: 57±8 years) from the community-based Framingham 

Heart Study. They found a marked age-related increase in central stiffness with little change in 

peripheral arterial stiffness. Another study reported distensibility measures, a non-invasive index 

of arterial stiffness, of the muscular brachial artery in a sample population of 498 males and 

females (age: 20 to 79 years) employing an echo-tracking device (139), that non-invasively 

evaluated the visco-elastic properties of the arterial wall (141,142). They reported that with age, 

distensibility of the brachial artery did not change significantly (139). Changes to the 

elastin/collagen ratio, and thus the peripheral/central pressure gradient, occur over time. As a 

result, central measures are more closely related to aortic stiffness in comparison to peripheral 

measures (126). An elevation in central PWV values has been associated with an increased CV 

risk in patients with ESRD, with one study showing a 39% increase in all-cause mortality with 
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each 1 m/s central PWV increase (1). By contrast, PWV measured outside the aortic track, in the 

upper (carotid-radial) or lower (femoral-tibial) limbs, has not been found to be predictive of 

mortality in ESRD patients (143). As a result, central PWV measures are more closely related to 

aortic stiffness, a predictor of mortality (126). 

There are good reasons to believe that central and peripheral PWV measures will not be 

interchangeable. In fact, Pannier et al. (143) found carotid-radial PWV to have no prognostic 

value and that only central PWV was a strong independent predictor of CV mortality in 305 

ESRD patients (age: 53.1±16.2 years), suggesting that the two measures are not interchangeable 

when directly assessing CV risk. A more recent study by Tillin et al. (3) in 159 males (age: 

61.8±8.7 years), with, and without, known coronary artery disease (CAD) supported these 

findings. Utilizing computed tomography to score coronary artery calcification (CAC), they 

found central, but not peripheral PWV to be strongly associated with markers of atherosclerosis. 

These findings call into question the value of using the easier to acquire peripheral PWV 

measures to predict CV risk, particularly in CVD populations.  

2.3.4.3 Brachial-Ankle PWV as an Equivalent Measure of Central PWV 

Brachial-ankle PWV (baPWV) has been commonly used as a surrogate for central 

measures (144). The determination of baPWV involves using blood pressure cuffs placed around 

four extremities (brachia and ankles) to obtain 4 pressure waveforms (144), in order to reflect the 

properties of the aorta (which is elastic) as well as lower limb arteries (which are muscular) 

(41,42,145). Unlike central PWV measures that reflect primarily elastic vessels (41,42,145), this 

technique also encompasses the assessment of peripheral muscular arteries of the lower limb 

(139,144) and thereby challenge the assumption that baPWV measures are a suitable surrogate of 

central PWV measures. 
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Six previous studies that examined central (carotid-femoral), brachial-ankle, and/or 

femoral-ankle (a peripheral measure) PWV measures under resting conditions are summarized in 

Table 2.2 (146-151). The majority of studies (n=5) consistently reported significantly 15.4 to 

32.4% (p<0.05) greater baPWV values compared to central PWV (147-151). Furthermore, one 

study performed a Bland-Altman analysis and revealed a significant mean difference between the 

two PWV measures (baPWV vs. central PWV) with all values found within 2 standard deviations 

(SD) and above the “zero” line (152). In contrast, one study reported no significant difference 

between baPWV and central PWV values (146). However, this study did not utilize the typical 

blood pressure cuffs around the four extremities (brachia and ankles), but instead used a new 

technique with PPG probes placed on the right index finger and right second toe; making 

comparison between studies difficult.   
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Table 2.2 Studies assessing central (carotid-femoral), brachial-ankle and/or femoral-ankle pulse wave velocity (PWV) measures under 

resting conditions 

 

Study Methods Correlations 
Mean values  

(Difference compared to cfPWV in %) 
Other 

Munakata et al. (152) 

n=89 healthy 

Age:60±14yrs [SD] 

Right & left baPWV 

Left cfPWV  
 right baPWV & cfPWV r=0.76 

 left baPWV & cfPWV r=0.78 

 right baPWV 15.53±2.64m/s (+31.4% vs. cfPWV) 

 left baPWV 15.78±3.05m/s (+32.4% vs. cfPWV) 

 cfPWV 10.66±2.49m/s 

 

Nagaski et al. (151) 

n=50 healthy older adults 

Age:64.3±3.1yrs [SEM] 

Right & Left baPWV  

Left cfPWV 

faPWV  

 baPWV & cfPWV r=0.77  

 baPWV & faPWV r=0.78  

 baPWV 13.78±0.63m/s (+30.8% vs. cfPWV) 

 cfPWV 9.53±0.42m/s 

 faPWV 9.68±0.36m/s  

With baPWV: 

 53% variance explained  

   by faPWV (r2=0.53, p<0.0001) 

 baPWV & cfPWV, n.s. 

Sugawara et al. (144) 

n=409 healthy adults 

Age:36±4yrs [SD] 

Right & Left baPWV 

(right baPWV reported) 

Left cfPWV  

faPWV 

 baPWV & cfPWV r=0.76  

 baPWV & faPWV r=0.76  

 baPWV 12.79±0.46m/s (+27.3% vs. cfPWV) 

 cfPWV 9.30±0.33m/s 

 faPWV 9.92±0.27m/s  

With baPWV: 

 58% variance explained by  

   cfPWV (r2=0.58, p<0.01) 

 23% variance explained by  

   faPWV (r2=0.23, p<0.05)  

Tanaka et al. (147) 

n=2287 Healthy older 

adults Age:56±16yrs [SD] 

Right & Left baPWV 

(right baPWV reported) 

Left cfPWV  

 baPWV & cfPWV r=0.73 

 

 

 baPWV 14.84±3.42m/s (+15.4% vs. cfPWV) 

 cfPWV 12.56±3.88m/s  

 

Tsai et al. (146) 

n=100 healthy 

Age:38 ±10yrs [SD] 

Right index finger & 

right 2nd toe (~baPWV) 

Right cfPWV  

 baPWV & cfPWV r=0.68 

 

 baPWV  

  Time 1:6.49±0.92m/s; Time 2:6.39±0.93m/s 

 cfPWV  

  Time 1:6.51±1.01m/s; Time 2:6.40±1.03m/s 

 

Yu et al. (149) 

n=320 (86 healthy and 234 

patients with various 

degrees of cardiac structure 

& function abnormalities) 

Healthy:50.6±16.9yrs [SD] 

CV:57.1±15.5yrs [SD] 

Right & Left baPWV 

(larger value reported) 

Right cfPWV  

 baPWV & cfPWV r=0.79 

 

n=86 healthy 

 baPWV 10.59±1.79m/s (+23.6% vs. cfPWV) 

 cfPWV 8.09±2.62m/s  

 

  

 

Abbreviations: baPWV=brachial-ankle pulse wave velocity; cfPWV=carotid-femoral pulse wave velocity; CV=cardiovascular; 

faPWV=femoral-ankle pulse wave velocity, n.s.=no significance 
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All 6 studies comparing different PWV indices revealed significant correlations between 

baPWV and central PWV (r=0.68 to 0.79) (146-151). However, two studies also reported 

significant correlations of 0.76 and 0.78 between baPWV and femoral-ankle PWV (144,151). 

These discrepancies between studies suggest that while baPWV is indicative of central PWV, it 

may also be influenced by peripheral measures. Two of the previous studies performed stepwise 

multiple regression analyses with forward elimination to assess the independent influences of 

central and peripheral PWV on baPWV (dependent variable). Sugawara et al. (144) found 58% of 

the variability in baPWV was possibly accounted for by central PWV and 23% by femoral-ankle 

PWV (peripheral PWV). However, Nagasaki et al. (151) demonstrated that 53% of the variability 

in baPWV was accounted for by femoral-ankle PWV and that central PWV did not account for 

any of the variability in baPWV. Overall, these findings challenge the assumption that baPWV is 

an appropriate surrogate measure of central PWV, thereby compromising the translational and 

comparative value of many baPWV studies.   

2.3.4.4 Advantages and Disadvantages of Central PWV 

Central PWV is a "direct" measurement of arterial stiffness, independent of physiological 

factors like heart rate, can be measured at several sites throughout the arterial tree, and is 

considered the "gold standard" for measuring arterial stiffness. 

However, the measurement of central PWV also appears to have some potential 

limitations, especially in certain populations. Central PWV requires a relatively high level of 

operator skill (153) and the femoral pulse waveform has been reported to be difficult to record 

accurately in individuals with metabolic syndrome, obesity, diabetes, and peripheral arterial 

disease (154), all of which are common in the ESRD population (31). In the presence of aortic, 

iliac, or proximal femoral stenosis, the femoral pulse waveform can be attenuated and/or delayed 

and abdominal obesity, particularly in males, and large breast size in females can make surface 
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measurements inaccurate for the distance value (154). Lastly, the femoral measurement requires 

the exposure of the inguinal area, leading many researchers to use peripheral (e.g., carotid-radial) 

PWV as a surrogate, despite evidence that it may be influenced by less predictive central 

measures. 

2.4 Measurement Tools for Arterial Stiffness  

2.4.1 Applanation Tonometry (AT) 

There are various non-invasive techniques available for obtaining the pulse waveforms 

required for both AIx and PWV calculations, with AT considered the most common (146,155) 

and therefore used in several studies as the reference method (69,156,157). In 1867, the first 

applanation tonometer (AT) was introduced to measure the pressure in the retina of the eye (i.e., 

glaucoma) (158). By 1997, AT evolved to include the use of a pencil-like, high fidelity, 

micromanometer-tipped probe (i.e., SPT-301, referred to as a tonometer by Miller Instruments®) 

(156,159).  

The AT probe detects arterial “pressure” waves at a distinct anatomical site, for example 

the radial artery at the wrist. The artery is applanated (compressed) between the probe and the 

underlying structures (e.g., bone) (Figure 2.9), resulting in the intra-arterial pulse pressure being 

transmitted through the arterial wall to the probe. The recorded pressure waveform is then 

amplified, digitalized and displayed on a computer monitor in real-time. AT can be used to 

measure the intra-arterial pressure of any superficial artery (160) and the AT technique can 

produce waveforms for use in both AIx and PWV measurements. 
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Figure 2.9 Applanation tonometry of the radial artery a) before applanation and b) during 

applanation 

 

                                             
 

 

 

 

 

 

 

 

 

                                                                            

 

 

 

 

 

 

 

 

 

 

In theory, AT does not need calibration as its application is based on the principle that 

when a curved surface of a rounded, pressure-containing structure (e.g., artery) is partially 

flattened, the circumferential stresses in the wall of the structure are balanced and the pressure 

that is registered by the AT probe is the true intra-arterial pressure (70,108,109). If the artery is 

not sufficiently applanated, a consistent signal cannot be recorded and similarly, excessive 

applanation compresses the artery too much thereby producing a distorted signal.  

Skin 

Bone 

 
Artery 

Bone 

 
Artery 

Skin 

 

Tonometer 

 

Tonometer 

Tissue 
Tissue 

a) before applanation b) during applanation 



 
 

56 
 

2.4.1.1 Advantages and Disadvantages of the use of AT for Obtaining Pressure Waveforms 

Although the AT is considered a valid, reliable, and non-invasive tool for obtaining 

pressure waveforms, there are some technical limitations associated with AT. First, manually 

detecting “pressure” waveforms with sufficient quality involves a high level of technical 

expertise and training (101,102,161,162). The influence of the probe‟s position, angle and 

placement over the artery of interest on pressure waveforms can lead to low intra- and inter-

operator reproducibility (163). It is more difficult to obtain arterial pulse waveforms at some 

arterial sites (e.g., carotid) versus others (e.g., radial) as the underlying structure may not be as 

rigid (e.g., tendons and muscle vs. bone, respectively) (164). The acquisition of pressure 

waveforms using AT can become quite time-consuming as the operator searches for an optimal 

placement of the probe over the artery (102,165) and the AT probe may be financially prohibitive 

with a cost of approximately $5,000 United States (US) dollars each, especially given that they 

are delicate and can easily be damaged (156,162,166). The simultaneous acquisition of pulse 

waveforms from more than one arterial site (e.g., PWV) requires each tonometer to be held in 

place by a different operator, thereby potentially increasing inter-operator error.  

Despite these limitations, AT is still more cost-effective, less time-consuming, and easier 

to use than its traditional competitors (i.e., magnetic resonance imaging and ultrasound) 

(167,168). As a result, AT has been widely accepted as the best available test under reasonable 

conditions, and is still considered the benchmark for measuring arterial stiffness (169). 

Nevertheless, there is considerable room for novel technologies to improve upon, and perhaps 

replace, AT as the gold standard in arterial stiffness measurements. 

2.4.2 Photoplethysmography (PPG) 

Photoplethysmography is a novel tool in the assessment of arterial stiffness and a 

potential alternative for the acquisition of waveforms for the determination of PWV. PWV by 
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PPG is conducted using two small square PPG probes positioned a known distance apart on the 

skin above the artery of interest (see Section 2.3.4 for details of PWV determination, p. 44). The 

PPG probe is a small infrared (IR) photoelectric sensor, comprised of an IR light source and a 

photodetector located on the same side, to allow the measurement of reflected light on the skin‟s 

surface (170-173). The probe emits an IR light that passes into the skin and is reflected, scattered 

and absorbed by dermal tissue, by vascular tissue, and by blood. With each heartbeat, as the wave 

of dilation passes the probe, the volume of blood, (a strong absorber compared to skin) in the 

vicinity increases and the amplitude of the detected signal falls (170-173). The photodetector 

records these “blood volume” changes and generates a representative pulse waveform. Since 

Hertzman produced the first photoplethysmograph (PPG) probe in 1937 (174,175), studies have 

demonstrated its efficiency (176). However, these studies have been limited to assessments to the 

finger, ear or toe (146,162,176-179).  

A more recent model of the PPG probe became available for use in 2009 (i.e., model 

number: MLT1020PPG by ADInstruments, Figure 2.10) (180,181). Improvements over previous 

models include the remodelling of the probe to include a small and flat surface, allowing it to be 

held against the skin with a modified adjustable elastic Velcro band, greatly expanding PPG‟s 

utility (180-182).  
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Figure 2.10 Photograph of a photoplethysmograph probe with a schematic diagram of infrared 

light being emitting from the eye of the probe 

 

 

 

 

 

 
 

 

 

 

 

 

 

 

 

2.4.2.1 Advantages of PWV by PPG  

PPG is a simple, portable, and relatively low cost tool capable of acquiring readings 

representative of the pulse waveform from multiple arterial sites (44,183). Thus, the PPG probe 

could potentially overcome some of the difficulties associated with AT. PPG probes can be 

attached with modified adjustable elastic Velcro bands, to allow a single operator to record from 

several arterial sites simultaneously (e.g., carotid, radial, femoral, and dorsalis pedis) (Figure 

2.11). The use of modified elastic Velcro bands means less manual influence on the position of 

the probe during operation for data collection, thereby reducing the potential intra- and inter-

operator errors associated with improper use, movement, or disturbing contact between the probe 

and the skin‟s surface (170). When the PPG probe is securely attached there is no need to search 

for optimal placement of the probe(s) at each arterial site, making data collection less time-

consuming and because the PPG probe does not compress or otherwise alter the artery in 

question, it also avoids the possibility of distorting the blood volume waveform, as an improperly 

applied AT probe might (70,109,160,163). The PPG probe is also more financially feasible, 
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approximately 20 times less expensive than the AT probe [$250 vs. $5,000 United States (US) 

dollars, respectively] (156,182). Unlike the AT probe, the PPG probe permits the exploration of 

deep arteries according to the wavelength and the distance between the light source and the PPG 

probe (184,185) a characteristic that is most useful when assessing PWV in overweight 

individuals (186).  
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Figure 2.11 An actual report generated from the laboratory displaying the simultaneous pulse waveform recordings from four 

photoplethysmograph probes (carotid, radial, femoral, and dorsalis pedis artery), one applanation tonometer probe (carotid artery), and 

an electrocardiogram 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Abbreviations: AT=applanation tonometer; ECG=electrocardiogram; mV=millivolts; PPG=photoplethysmograph; V=volts    
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2.4.2.2 Validity and Reliability of PWV by PPG 

Overall, these advantages suggest that the PPG probe may be a more useful, practical tool 

for the determination of PWV in comparison to the AT, particularly in studies seeking to 

simultaneously measure multiple arterial sites [e.g., central PWV and more than one peripheral 

PWV (carotid-radial PWV and femoral-dorsalis pedis PWV)] and in overweight or obese 

individuals (121-123,187). Before the use of PPG for the detection of arterial waveforms can be 

incorporated into routine clinical practice for the assessment of arterial stiffness its validity and 

reliability needs to be established. Research is scarce for this promising modality, in terms of its 

association with or validation against the reference (AT) method. 

Mathias et al. (73) examined the validity and reliability of the PPG method for carotid-

radial PWV relative to the reference (AT) method in 26 healthy young individuals (age: 18 to 40 

years). Employing a Bland-Altman analysis, for validity they found a mean difference of only 

0.10 m/s (1
st
 measure vs. 2

nd
 measure), with all values but one falling within 2 SD (+1.22 to -1.02 

m/s). They also found a significant correlation between the carotid-radial PWV (r=0.70, 

p<0.0001) measures determined by the PPG and AT method. For reliability, Bland-Altman 

analysis demonstrated a mean difference in carotid-radial PWV values of 0.98 m/s (AT vs. PPG), 

with all values but two falling within 2 SD (+2.55 to -0.59 m/s). However, these investigators did 

not report if there was a significant difference between the mean values for carotid-radial PWV 

using the PPG and AT method, nor did they report central PWV measures, making these results 

incomplete. 

In a second study, Tsai et al. (146) evaluated the validity of the dual-channel PPG method 

for the determination of baPWV with probes placed on the right index finger and right second 

toe, relative to the AT method for central PWV measures. Participants included 100 

asymptomatic males and females (age: 19 to 64 years) of whom 10 were diagnosed with 
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hypertension (HTN) and 16 were diagnosed with hypercholesterolemia (HChol). In a sub-group 

of 20 healthy individuals, the validity of the PPG method was excellent [intra-class correlation 

coefficient (ICC)=0.959; COV=5.8%] with no significant differences between the two 

measurements. In the non-HTN participants (n=90) the mean values for PWV differed only by an 

insignificant 0.03 m/s. Similarly, in the non-HChol participants (n=84), the mean values for PWV 

using AT versus PPG differed insignificantly by only 0.01 m/s. This study supports the use of 

baPWV by PPG as a surrogate of a central PWV measure; however, it overlooks the potential 

impact of the differing composition of central and peripheral arteries. Moreover, these results 

may not hold true in a clinical population at CV risk who demonstrate altered hemodynamic 

function (32,146,188,189). Thus, the reliability and validity of PWV determined from waveforms 

acquired using PPG has not been definitively established. 

2.4.2.3 Bland-Altman Analysis 

In clinical measurements, comparison of a new technique (e.g., PWV by PPG) with an 

already established one (e.g., PWV by AT) is often needed to see whether there is sufficient 

agreement between the new and reference method (190-192). Tsai et al. (146) established the 

validity of baPWV by PPG in healthy individuals using an ICC test. However, Bland and Altman 

(193) caution against the use of only using correlation coefficient or regression analysis that may 

not fully capture the validity of a new tool. This is because the two measures may be highly 

correlated yet there could be substantial differences across their range of values (194). Instead, 

Bland and Altman recommend an alternative approach, the Bland-Altman analysis (194), which 

is used in the research of the current thesis. 

Bland-Altman analysis is a statistical method that compares two different measurement 

techniques by plotting the difference between the two measurements against their averages 

(Figure 2.12) (194). The resulting plot visually allows one to determine the size and range of the 
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differences, scoring distribution, any outliers, and the difference between the methods (194). The 

illustration of the 95% limits of agreement allows one to visually judge how well the two 

methods of measurement agree. If the limits of agreement between the two methods are not 

significant, then they can be used interchangeably (194,195). The Bland-Altman method can even 

include estimation of confidence intervals for the “bias” and “limits of agreement”, but these 

often are omitted in research papers (196). Note that the Bland-Altman method are used for 

assessing agreement between two tools, rather than validity. 

Figure 2.12 A Bland-Altman plot revealing a strong agreement between photoplethysmography 

(PPG) and the reference [applanation tonometry (AT)] method for carotid-femoral pulse wave 

velocity (PWV). This plot reveals a mean difference of -0.23±0.63 m/s for carotid-femoral PWV 

with all the values except for one (outlier) found within 2 standard deviations (SD). Limits of 

agreement (95% confidence interval, -0.92 to 0.46 m/s)  

 

 
 

 
 

 

Note: The solid blue line (        ) represents the mean difference between carotid-femoral PWV 

for both measurement tools (AT vs. PPG) and the red dashed-lines (        ) represent the upper and 

lower limits of agreement (mean +/- 1.96 SD). 
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In conclusion, PWV by PPG appears to offer significant advantages over AT. However, 

serious questions about the validity and reliability of PWV by PPG remain unanswered, 

especially in regards to the suitability of PPG as a surrogate measure for AT and particularly in 

CV disease populations.  

2.5 Effects of Hemodialysis (HD) on Arterial Stiffness 

The majority of ESRD patients (~80%) receive HD on a regular basis to regulate fluid and 

electrolyte balance, and to remove toxins from the blood (4-6). Many healthcare practitioners 

believe HD has the additional benefit of acutely decreasing arterial stiffness, but to what extent 

and for how long the positive impact on arterial stiffness last is unclear. To date, few studies have 

addressed this gap in the literature with only four cross-sectional studies reporting the effects of a 

single HD session on arterial stiffness, measured by AIx. Studies that compared arterial stiffness 

measures pre- and post-HD, established a significant reduction (20 to 29%, p0.05) in AIx at the 

end of HD (32,33,35). These studies, however,  based their findings on data from a single HD 

session without taking into account the possible changes associated with the varying intervals 

between different treatment days and other methodological approaches (e.g., different dialyzers) 

(32-35) One recent publication has attempted to address the potential for variability in arterial 

stiffness between and within HD sessions by reporting pre- and post-HD arterial stiffness 

measures for the first and mid-week dialysis session. Georgianos et al. (197) found that the 

effects of HD on AIx were consistent between the first and second dialysis session of the week, 

however, a lack of detail regarding the difference in arterial stiffness between HD sessions limit 

their findings.  

The gradual removal of fluid and waste products during HD is anticipated to produce a 

correspondingly gradual reduction in arterial stiffness. One study went further and examined the 
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intradialytic changes in AIx throughout the HD process, taking measurements in 20 ESRD 

patients at 15-minutes pre-HD, 1-hour, 2-hours, 3-hours, and 4-hours of HD (34). This study 

reported the greatest fall (43.2%, p<0.05) in AIx occurred before the end of second hour of HD, 

and that AIx remained at this level for the remainder of HD (4-hour duration). This time-course 

of changes in arterial stiffness during HD suggests that the factor(s) are involved in affecting 

arterial stiffness may occurs earlier in the HD process than originally thought.  

To confound matters further, Mourad et al. (198) utilized a Complior program to 

calculate carotid-radial PWV to assess arterial stiffness at 15 minutes pre-HD, at 15, 75, 135, and 

195 minutes after the commencement of HD, and 15 minutes post-HD in 24 ESRD patients (10 

males, age: 56±16 years); but found no significant differences across time. Similarly, Kyriazis et 

al. (199) employed digital volume pulse (DVP) to measure stiffness index, a surrogate measure of 

PWV, at pre-HD, 2-hours and 4-hours of HD in 14 ESRD patients (10 males, age: 58±14 years) 

and reported no significant differences across time points. 

Thus, a multitude of indices have been used in studying the effects of HD on arterial 

stiffness (e.g., PWV, AIx, vascular compliance, stiffness index), each of which provide different 

information (34,198-201). Moreover, the timing of the measures during the HD process varied 

between studies. Ultimately, the previous literature has produced conflicting results that make it 

difficult to develop a cohesive overview of the acute effects of HD on arterial stiffness. 

2.5.1 Factors Possibly Affecting Arterial Stiffness Early in the HD Process 

Although researchers have determined that there is no association between ultrafiltration 

volume and the reduction of arterial stiffness during HD (32,34,198,202), there has been 

speculation that various substances may be cleared early in the HD process, potentially 

accounting for the observed “early” reduction of arterial stiffness in the HD process. Some 
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potential regulatory substances that have been suggested to contribute to these changes include 

nitric oxide (NO) and asymmetrical dimethylarginine (ADMA) (33,203-205); however, the rate 

of clearance for many of these substance(s) during HD is unknown, making it difficult to verify 

specific contributors.  

There is some evidence to suggest that NO, a known vasodilator, and ADMA, an 

endogenous inhibitor of NO synthesis (33,203-206), may contribute to early reductions in arterial 

stiffness with HD. Continuous intradialytic measurements of blood NO concentrations during HD 

in 10 middle-aged ESRD patients (age: 41±8 years) revealed two peaks in blood NO levels 

during the initial period of HD (205). The first and highest peak (~2.9mol) occurred at the very 

start of HD, lasting approximately 1 minute, followed by a second lesser peak (from ~1.3 to 2.1 

mol) that was reached at 20 to 26 minutes of HD. This increased concentration of NO near the 

onset of HD may explain, in part, some of the improvement in arterial stiffness early in HD. 

Bergamini et al. (205) measured levels of ADMA in 11 older ESRD patients (age: 71±18 years) 

undergoing 4 hours of dialysis. They found ADMA values had decreased 14.1% and 36.2% by 

30-minutes and 4 hours of HD, respectively. This rapid decrease in ADMA may be one of the 

factors contributing to the improvement in arterial stiffness early during the HD process. 

Furthermore, Soveri et al. (33) reported pre-HD and post-HD values of ADMA and AIx levels in 

22 older ESRD patients (age: 68.9±11.1 years) and found AIx (19%, p=0.003) and ADMA (17%, 

p=0.045) to be markedly reduced with HD, and that the magnitude of change in AIx and ADMA 

to be significantly correlated (r=0.44, p=0.045). These findings may suggest a synergistic 

relationship existing between ADMA and arterial stiffness during HD. 

Other potential substances which may have an effect on arterial stiffness during HD 

include ET-1 (207), angiotensin II (Ang II) (32), and pro-inflammatory cytokines (208); however, 
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there is no evidence available regarding the time-course of change in these substances during HD. 

Nor have these substances been fully characterised at the moment. Other contributing factors may 

include reductions in sympathetic outflow related to less central and peripheral feedback 

stimulation (65,209-211) and an increase in shear stress that can induce acute changes of the 

conduit artery function to vasodilate during HD (212,213). Sympathetic overactivity is believed 

to be a mechanism associated with hypertensive episodes during HD (214). One study found 

improvements in arterial stiffness during HD to be associated with the intradialytic decrease in 

systolic blood pressure (SBP) and pulse pressure (PP) (34) As a result it remains unclear why 

exactly arterial stiffness drops so early in the HD process. 

2.5.2 Potential Effect of Different Dialyzers on Arterial Stiffness Measurements 

When ESRD patients undergo HD, they are attached to a dialysis machine equipped with 

a semipermeable membrane (e.g., low and high flux). Different dialyzers employ different 

membranes during the dialysis process, which could potentially influence the stiffness of the 

arterial system. Mardare et al. (34) reported in 20 ESRD patients the greatest fall in arterial 

stiffness (i.e., AIx) occurred during the first 2 hours of HD employing low flux membrane 

dialyzers (i.e., Fresenius F8 or F10). However, the use of a high flux dialyzer may result in a 

faster time-course in the reduction of arterial stiffness by offering a more permeable membrane, 

and therefore allowing faster removal of fluid and more efficient clearance of small and middle-

sized molecules. In addition, the use of different dialyzers (i.e., low vs. high flux) may provide 

misleading arterial stiffness (e.g., AIx) values related to the timing of the measurement(s) (215). 

These influencing factors could compromise the ability to track accurately the acute and chronic 

changes in arterial stiffness in ESRD patients. This lack of clarity regarding the effects of 

different dialysis machines (i.e., dialyzers) on arterial stiffness may influence the time-course of 

the intradialytic effects of HD on arterial stiffness in ESRD patients. More research is required to 
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establish the time-course of the intradialytic effects of HD on arterial stiffness in ESRD patients, 

taking into account the type of dialyzer (e.g., low and high flux).  

In summary, if measurements of arterial stiffness are to reach their full potential as tools 

to detect and prevent CVD, it is essential that we understand how arterial stiffness differs in at-

risk populations. Developing a clear picture of the effects of HD on arterial stiffness is an 

important part of this process. Ultimately, this information could help practitioners take acute 

changes into account, allowing them to measure arterial stiffness more accurately, helping them 

to better track its progression, and facilitating comparisons between patients. There is also 

evidence to suggest that shorter but more frequent dialysis sessions may have long-term clinical 

potential in some areas (216,217). A better understanding of the acute effects of HD on arterial 

stiffness and the mechanisms that underlie this response may therefore point towards similar 

clinical interventions with the potential to reduce arterial stiffness over the long term. 

2.6 Exercise and Arterial Stiffness 

There is evidence to suggest that a single bout of exercise can stimulate acute changes to 

central and peripheral arterial stiffness (123,218-227). The term “exercise”, generally refers to the 

performance of physical work above that required at rest (29). Exercise is usually graded by 

intensity, that is dependent upon the degree of exertion relative to an individual‟s achievable 

maximum, and is commonly defined as mild, moderate, or high (228,229). It can be further 

classified depending upon the "mode" of physiological exertion into aerobic (also referred to as 

cardiovascular, cardiorespiratory, or endurance), that primarily stresses the CV and respiratory 

systems or resistance (also known as strength training), that mainly stresses localized areas of 

skeletal musculature (29). Proudfoot‟s Masters Dissertation (230) reviewed several studies that 

reported on changes in central and peripheral (exercised and non-exercised limb) arterial stiffness 

following a bout of aerobic exercise. These studies provided the foundation for the review below. 
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2.6.1 Changes in Arterial Stiffness with Aerobic Exercise 

The acute response of central and/or peripheral PWV following a bout of aerobic exercise 

has been reported in several interventional studies with graded exercise to exhaustion [high 

intensity exercise; (n=6 studies)], 30-60 minutes of moderate intensity exercise (n=5 studies), or 

single-legged exercise (n=3 studies). These previous studies focused on acute changes in arterial 

stiffness in the immediate post-exercise period compared to pre-exercise, as there are technical 

limitations to assessing arterial stiffness during exercise itself. With respect to the graded aerobic 

exercise to exhaustion, the findings of these studies suggest that central PWV does not change 

significantly when observed at 1-3, 5, 10, 15, 20, 30, or 60 minutes post-exercise 

(123,218,220,231). Conversely, Sung et al. (227) when measuring baPWV, a combination of 

central and peripheral measures, reported a significant 5.5% (p<0.05) reduction at 10 minutes 

post-exercise. However, baPWV does not exclusively reflect central arterial stiffness (144,151). 

Similarly, four studies found a decrease in femoral-tibial PWV (leg PWV) following high 

intensity exercise; the greatest fall occurring at 10 minutes post-exercise followed by gradual 

decreases over the next 10-50 minutes (218,219). No significant difference was observed in 

carotid-radial PWV (non-exercising limb), at 10 minutes post-compared to pre-exercise (220). 

This suggests that peripheral PWV measures of the exercising limb are affected more strong by 

exercise than central PWV measures, depending on the intensity of the exercise. 

Five studies that examined the impact of moderate intensity aerobic exercise also 

measured central and/or peripheral PWV following 30 or 60 minutes of cycling at 60-65% VO2 

max or HRmax with 8 to 13 young healthy males (123,224,232-234). In one study, the value for 

central PWV was 5.3 m/s pre-exercise and decreased by 9.4% at 20 minutes post-exercise 

(p<0.05) (123); while in another study, the value for central PWV was 6.2 m/s pre-exercise and 

decreased by 4.8% (p<0.05) at 30 minutes post-exercise, with no change observed by 60 minutes 
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post-exercise (224). In another study, central PWV was reduced by 0.45 m/s and 0.42 m/s 

(p<0.05) at 40 and 60 minutes post-exercise, respectively; however the pre-exercise values were 

not provided to determine the relative magnitude of this fall (232). Regarding the response of leg 

PWV, variable results were reported. One study found values for femoral-dorsalis pedis PWV 

(exercising limb) remained unchanged from pre-exercise values at 40 minutes (232) and at 60 

minutes post-exercise (224,232). In contrast, another study reported femoral-dorsalis pedis PWV 

had decreased 6.7% (p=0.01) at 20 minutes post-exercise (123) and 9.6% (p<0.05) at 30 minutes 

post-exercise (224). As expected, there were no significant changes in the values for PWV of the 

non-exercising limb (234).  

In three studies examining the impacts of single-legged exercise, 6 to 18 healthy young 

males performed cycling for 5 minutes at 20-30 Watts (W) (221,222,225). The average resting 

values for femoral-tibial PWV and femoral-ankle PWV were ~9.1 m/s (221,222,225). In the 

exercising limb, femoral-tibial PWV and femoral-ankle PWV decreased between 7.7 and 8.6% 

(p<0.05) at 2 minutes post-exercise (221,222,225), and by ~12.8% (p<0.05) at 5 minutes post-

exercise (225). As anticipated, no changes were observed in the contra-lateral non-exercising 

limb (femoral-tibial PWV and femoral-ankle PWV) for any of the time points (221,222,225).  

Together, these studies suggest a variable acute response of central PWV to a bout of 

aerobic exercise. Central PWV decreased significantly following moderate intensity exercise but 

not following graded exercise to exhaustion. In contrast, leg PWV did not change following 

moderate intensity aerobic exercise but did decrease significantly following graded exercise to 

exhaustion. In the single-legged exercise studies, while central PWV responses were not 

examined, significant reductions in the exercising leg PWV with no change in the non-exercising 

leg PWV were observed.  
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2.6.2 Changes in Arterial Stiffness with Resistance Exercise 

Similarly, five cross-sectional studies have examined the acute response of central and/or 

peripheral PWV following a bout of resistance exercise at high intensity (n=1 study), moderate 

intensity (n=2 studies), and single-legged exercise (n=2 studies). However, the decreased central 

arterial stiffness associated with an acute bout of aerobic exercise was not observed with 

resistance exercise.  

Heffernan et al. (223) examined 13 healthy young males before and after they performed 

8 upper and lower body high intensity resistance exercises utilizing all major muscle groups. 

They found that central PWV increased significantly by 17.2% (p<0.05) at 20 minutes post-

exercise, whereas there was no significant change in femoral-dorsalis pedis PWV (leg PWV).  

During moderate intensity resistance exercise, two studies where 10 and 13 healthy young 

males performed 8 upper and lower body exercises (232,235), found no significant change in 

femoral-dorsalis pedis PWV at 40 and 60 minutes post-exercise, however central PWV increased 

significantly by 0.29 m/s (p<0.05) compared to the pre-exercise value. Since the pre-exercise 

value for central PWV was not reported, the relative magnitude of this increase could not be 

determined (232). In contrast, Yoon et al. (235) reported no significant change in central PWV at 

either time point (20 and 40 minutes) post-exercise. However, this exercise may not have been 

sufficiently intense to elicit a response in central PWV.  

Two studies in which 8 and 13 healthy young individuals performing single-legged 

exhausting resistance exercises of the major muscle groups of the lower limb (226,236). For one 

study, there was no significant change in central PWV at 5 and 25 minutes post-exercise, whereas 

there was a significant increase in baPWV of 11.9% and 8.7% (p<0.05) at 5 and 15 minutes post-

exercise, respectively (236). In the exercising leg, femoral-ankle PWV and femoral-dorsalis pedis 

PWV decreased by 12.6% (226,236) and 13.8% (236) (p<0.05) at 5 minutes post-exercise and 
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femoral-dorsalis pedis PWV decreased by 10.3% (p<0.05) at 25 minutes post-exercise compared 

to the pre-exercise value (211), with no apparent effect in the non-exercised leg at any time points 

(226,236).  

In summary, central PWV increased significantly following both high and moderate 

intensity resistance exercise, but not following single-legged exercise; suggesting that single-

legged resistance exercises may isolate the response of PWV (arterial stiffness) to the exercising 

limb (legs). However, leg PWV did not change significantly for either high or moderate 

resistance exercise; whereas, single-legged resistance exercise produced a significant reduction in 

the exercising leg PWV with no change found with the non-exercising leg PWV.   

Overall, this review of studies examining the acute responses of arterial stiffness to 

exercise has demonstrated that a bout of high intensity aerobic exercise to exhaustion is 

associated with no change in central PWV and decreased arterial stiffness in the exercising limb 

(123,219,231). Resistance exercise appears to acute increase central PWV measures while the 

results are unclear with respect to the effects in the exercising limb (123,219,231,232). It is not 

know if these acute responses are related to chronic changes observed with repeated resistance 

and/or aerobic exercise training and a review of arterial stiffness responses with exercise training 

is beyond the scope of this literature review. 

2.6.3 ESRD and Exercise 

Increased central arterial stiffness found with acute resistance exercise may pose a 

potentially health concern, especially in ESRD populations who have decreased activity levels 

and increased CVD risks. For example, many ESRD patients suffer from “uremic syndrome”, 

which results from the toxic effects of elevated levels of nitrogenous and other waste products in 

the blood (e.g., urea, creatinine, phosphate, parathyroid hormone, etc.) (29,237,238). 

Unfortunately, HD is unable to clear all of the toxins and other waste products from the blood of 
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ESRD patients, nor replace the full scope of normal endocrine and metabolic function of the 

kidneys (29). Most often ESRD patients suffer from a constellation of uremic syndrome typically 

manifested as cardiac myopathy, coronary artery disease (CAD), congestive heart failure (CHF), 

arrhythmias and hypertension, impairment to the autonomic system, and peripheral vascular 

changes (239-241). 

Chronic uremic myopathy can also contribute to the muscular atrophy that predisposes 

ESRD patients to muscle weakness and poor exercise tolerance (242,243). Chronic uremia affects 

the autonomic control of the CV system (244,245), while patients with uremic neuropathy often 

have abnormal responses to exercise in either blood pressure (i.e., hypotension) or heart rate (i.e., 

episodes of tachycardia) mediated by increased sympathetic and reduced parasympathetic 

activity, respectively (29,246).  

As a result of these and other complications, ESRD patients exercise capacity has been 

reported to be only 60% to 70% of age-expected levels (247). Moreover, ESRD patients often are 

limited by peripheral muscle weakness as opposed to cardiorespiratory limitations (248). Given 

these limitations, the increased risk of CV complications, and the acute adverse effects of some 

forms of resistance exercise on central PWV, aerobic exercise may prove the best tool for safely 

investigating the effects of exercise on arterial stiffness in at-risk populations, like ESRD 

patients. 

From the foregoing studies, it can be concluded that aerobic exercise appears preferable to 

resistance training, especially in the ESRD population. In fact, there is some evidence to suggest 

that regular exercise can help improve arterial stiffness over the long term (55,249). However, the 

acute changes associated with aerobic exercise could pose a potential health risk in ESRD 

patients (239,241,250,251). Moreover, there is presently no established baseline for examining 

the effects of exercise on either peripheral or central PWV by AT or PPG in healthy or ESRD 



 

74 
 

individuals. This makes it difficult to ensure the safety of at-risk participants, and complicates 

monitoring of the efficacy of the intervention. Further research is therefore needed in order to 

establish a baseline in healthy individuals. This information can in turn be used in future studies 

of at risk populations. Ultimately, these studies may have clinical potential, helping establish 

whether or not exercise can also help ESRD patients manage arterial stiffness over the long term. 

2.7 Conclusions 

A critical review of the literature surrounding arterial stiffness reveals a number of 

important research gaps, especially in reference to at-risk populations, such as ESRD patients. In 

terms of measurement, there is evidence to suggest that PWV by PPG may offer significant 

advantages over AT, particularly in ESRD patients. However, the validity and reliability of PPG 

in the measurement of PWV has not been definitively established. In addition, a number of 

factors are thought to influence arterial stiffness in ESRD. For example, HD is thought to affect 

arterial stiffness, but how much and when remains unclear. There is also evidence to suggest the 

literature surrounding exercise reveals conflicting results. 

If measurements of arterial stiffness are to serve as an effective means to detect and assist 

in the prevention of CV mortality, it is essential to understand both how to measure arterial 

stiffness most effectively, particularly in clinical situations. Accordingly, this dissertation aims: 

a) to aid in establishing the validity, reliability, and responsiveness of PWV assessed using PPG 

probes compared to the reference (AT) method, and b) to provide further insight regarding 

whether peripheral PWV is in fact a valid surrogate of central PWV in both healthy and ESRD 

individuals. In addition, a number of questions also remain about factors that can influence 

arterial stiffness itself. Consequently, the studies contained in this dissertation examined: c) the 

influence of HD and d) the effects of aerobic exercise to exhaustion on arterial stiffness. This 

information may allow practitioners to take the acute effects of HD and exercise into account, 
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helping them measure and assess arterial stiffness more accurately. It may also point to long-term 

clinical interventions. 

2.7.1 Concluding Remarks  

Accordingly, this dissertation will investigate the assessment of arterial stiffness and 

establish the validity, reliability, and responsiveness of PWV by PPG compared to the standard 

reference (AT) method, and determines whether peripheral PWV is a valid surrogate of central 

PWV. By promoting a better understanding of arterial stiffness and arterial stiffness 

measurement, this research may assist healthcare practitioners to detect and prevent CVD in 

healthy and at risk populations alike. Ultimately, the acquisition of this knowledge may help 

researchers understand the measurement of arterial stiffness more thoroughly, and aid healthcare 

practitioners in the detection and assessment for the prevention of CVD in healthy and at-risk 

populations alike. 
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Chapter 3 

HEMODIALYSIS RESULTS IN ACUTE AND TRANSIENT ALTERATIONS IN 

ARTERIAL STIFFNESS 
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3.1 Abstract 

Background: Hemodialysis (HD) can acutely reduce central arterial stiffness [measured by 

aortic augmentation index (AIx)], a strong independent predictor of cardiovascular (CV) 

mortality and morbidity, in end-stage renal disease (ESRD) patients. However, the precise inter- 

and intradialytic changes in AIx are not well understood and warrants further investigation. 

Methods: Interdialytic and intradialytic changes in AIx with HD were assessed in 23 ESRD 

patients (16 males, age: 58.0±17.4 years). On three consecutive HD days AIx, blood pressure 

(BP), heart rate (HR), subendocardial viability ratio (SEVR), and ultrafiltration volume (UFV) 

were measured 10-minutes pre-HD, during HD at 10-minutes, 1, 2, 3, and 4-hours, and at 10-

minutes post-HD. These same parameters (exception of UFV loss) were obtained during rest in 

30 healthy individuals (15 males, age: 43.9±17.2 years) on 3 separate days.  

Results: Pre-HD, but not post-HD, AIx was higher in ESRD compared to healthy individuals 

(p<0.05). No interdialytic changes in pre-HD AIx were observed for ESRD patients over 3 

consecutive dialysis days. Intradialytically, AIx decreased within 10 minutes of starting HD and 

remained low for the duration of dialysis (p<0.05). By 10-minutes post-HD, AIx was greater than 

at 4-hours of HD (p<0.05), but remained lower than at pre-HD (p<0.05). Intradialytic decrease in 

systolic blood pressure (SBP) accounted for 50.6% of the total variation in the intradialytic AIx 

decrease and exerted the largest influence on AIx during HD (β=0.712, p<0.001). 

Conclusions: These findings confirmed more variability in arterial stiffness within a HD session 

than between dialysis days. Baseline stiffness measures (i.e., pre-HD) taken on any given day of 

the week were interchangeable, yet intradialytic changes were significant. This suggests that 

while measurements taken on different days of the week are directly comparable, measurements 

taken at different time points during HD are not.  
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3.2 Introduction 

Compared to the general population, mortality is 10-30 times higher in end-stage renal 

disease (ESRD) patients due to the development of cardiovascular (CV) disease (1,2), with CV 

events accounting for up to 50% of their fatalities (1,3). Increased arterial stiffness is a strong 

independent predictor of CV mortality that tends to increase in parallel with the progression of 

renal failure (4,5). As such, there has been an increasing interest in monitoring arterial stiffness  

during interventions designed to reduce the risk of CV disease. Currently, there are several non-

invasive indices used to evaluate arterial stiffness (6-9) with aortic augmentation index (AIx) 

considered a valid and reliable index in both healthy and ESRD individuals (10,11). 

The majority of ESRD patients receive hemodialysis (HD) thrice weekly with 

approximately 48 or 72 hours between the start of each HD session (12). There is evidence to 

suggest a single HD session can acutely reduce arterial stiffness during HD and shortly thereafter 

(6,13-15). However, the inter- and intradialytic changes in arterial stiffness resulting from HD are 

not well understood or described. For example, during HD, one would anticipate that during HD, 

the gradual removal of fluid and waste products from the blood would result in a concomitant 

gradual and steady reduction in arterial stiffness along with an improvement of other 

hemodynamic parameters. However, Mardare et al. (6) found that the greatest reductions in AIx 

occurred during the first 2 hours of HD, with an additional but smaller decrease in the third hour. 

This suggests that the timing of measurements during HD may be a significant factor to consider 

in evaluating the acute impact of HD on arterial stiffness. Furthermore, Mardare et al. (6) 

reported intradialytic improvements in AIx to be associated with the intradialytic decrease in 

systolic blood pressure (SBP), pulse pressure (PP) and with the intradialytic increase in 

subendocardial viability ratio (SEVR). As a result, SEVR was chosen to be included as a measure 

of interest. However, the exact factors leading to an acute decrease in AIx during HD has not 
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been determined, nor have the mechanisms underlying the time-course of these changes. Apart 

from Mardare et al. (6), there is a general lack of research examining the time-course of acute 

changes in AIx during HD. This lack of information makes it difficult to objectively evaluate the 

benefits of different HD regimes and approaches. 

Most previous studies have also based their findings on data from a single HD session 

without taking into account the possible changes associated with the varying intervals between 

different treatment days and other methodological approaches (e.g., different dialyzers) (6,13-15). 

The stability and accuracy of baseline assessments is one factor influencing the clinical relevance 

of longitudinal assessments of arterial stiffness in ESRD patients. One recent publication has 

attempted to address the possible variability in arterial stiffness between HD sessions by 

reporting pre- and post-HD AIx measures for the first and midweek HD sessions (21). Change 

values were, however, calculated from the difference between AIx and pulse wave velocity 

(PWV) values recorded prior to HD and those recorded 1 hour following the previous HD day 

without any direct determination of potential baseline differences between days. Furthermore, in 

a more recent study by Georgianos et al. (16), they reported interdialytic increases in AIx to be 

higher during the 3-day interval in comparison to the 2-day interval. As a result there is no 

conclusive evidence in the literature with respect to which day of the week would best serve as 

the baseline reference for determining arterial stiffness in ESRD patients.  

With the growing interest in the clinical measurement of arterial stiffness, more 

information is needed to conclusively establish the appropriate baseline reference for the 

determination of arterial stiffness in ESRD patients and a more detailed time-course of acute 

changes will help to provide the foundation for the comparative assessment of different HD 

treatments in terms of improvements in arterial stiffness. In addition, understanding the acute 

impact of HD on arterial stiffness is also important because acute reductions in arterial stiffness 
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provide "breaks" from the damaging influence of high arterial stiffness. In future, this 

information could influence the clinical design of future HD treatment regimes. Overall, both 

intra- and interdialytic changes in AIx warrant further investigation. 

Accordingly, the main aims of the present study were to advance previous knowledge by 

a) providing greater detail regarding the intradialytic time-course of change in arterial stiffness in 

ESRD patients with novel time point measures during the transition phases both at the onset and 

cessation of HD; and b) examining the impact of interdialytic changes in pre-HD AIx values over 

3 consecutive HD days and to compare those to day-to-day variations in healthy individuals.  

3.3 Methods 

3.3.1 Participants and Inclusion Criteria 

Convenience samples of participants were recruited January to April 2009 for this study: 

HD patients [defined as Stage 5 chronic kidney disease (CKD)] from the Kingston Satellite 

Dialysis Unit and healthy individuals from Kingston and the surrounding community. Inclusion 

criteria for ESRD patients included: (a) 20 years of age or older; (b) receiving HD for a minimum 

of 3 months; (c) no major CV events (defined by the absence of angina, myocardial infarction, 

stroke, atrial fibrillation) in the past 3 months; (d) no evidence of severe peripheral vascular 

disease; (e) undergoing 4 hours of HD treatment thrice weekly, and (f) cognitively able to 

provide informed consent. Twenty-six patients volunteered to participate in the study; however, 

data sets could only be completed for 23 patients because 3 patients experienced medical 

complications impairing data collection. Inclusion criteria for 30 healthy individuals included: (a) 

20 years of age or older; (b) no history of a serious disease; (c) no current medication(s); and (d) 

cognitively able to provide informed consent. Experimental procedures and potential risks were 

fully explained prior to data collection. All participants provided verbal and written informed 
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consent (Appendix A). This study was approved by the Queen‟s University Health Sciences 

Research Ethics Board (REB #132-01, Appendix B). 

3.3.2 Measurements 

3.3.2.1 Demographic Information 

Demographic information for the individuals with ESRD was obtained by self-report and 

from medical charts. Healthy individuals completed a demographic questionnaire and self-

reported their health history. Individuals in both groups self-reported their smoking history. 

3.3.2.2 Anthropometric Measurements 

Standing body height was determined to the nearest 1.0 cm using a wall-mounted 

measuring tape and body weight was determined to the nearest 0.1 kg using a stand-on digital 

weighing scale (i.e., Scale-Tronix). Body mass index (BMI) was calculated as weight divided by 

height squared (kg/m²). In addition, waist and hip circumference measures were recorded but not 

reported in this study. Instead, this data was used in a separate publication concerned with the 

sensitivity of these measures to the hydration status in ESRD patients following an acute bout of 

HD, considered to be associated with traditional CV risk (i.e., central adiposity).  

3.3.2.3 Hemodynamic Parameters 

All hemodynamic parameters were measured using the non-fistula arm in ESRD patients 

while in a HD chair in a semi-recumbent position and from the non-dominant left arm in healthy 

individuals while in the supine position. Measures were obtained at approximately the same time 

of day to minimize diurnal variation. 

Resting brachial blood pressure (BP) was determined at heart level using the auscultation 

technique according to the Hypertension Canada Guidelines (17). Phase I and V of Korotkoff 

sounds were taken as SBP and diastolic blood pressure (DBP), respectively (17,18). PP was 

determined as the difference between SBP and DBP.   
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A SphygmoCor® pulse wave analysis (PWA) apparatus (AtCor Medical Pty. Ltd., 

Sydney, Australia) with a high-fidelity micromanometer tipped applanation tonometer (AT) 

probe (i.e., model SPT-301, Millar Instruments Inc., Texas, USA) was used to record heart rate 

(HR) and pulse waveforms for the calculation of arterial stiffness (AIx) and subendocardial 

viability ratio (SEVR). The details of this technique have been described elsewhere (10,11). An 

AT probe was positioned over the radial artery for ~30 seconds at each time point, at the place of 

greatest pulsation, to allow data to be acquired, digitalized and displayed on a computer monitor 

in real-time. This process provided a minimum of 10 high quality sequential radial waveforms to 

be generated from which an averaged radial waveform was calculated to allow a corresponding 

aortic waveform to be automatically derived using a validated generalized transfer function 

(19,20). The morphology of the aortic waveform allowed integral software to derive AIx, HR, 

and SEVR. Since AIx is influenced by HR, software adjusted these values to a standard HR of 75 

beats per minute (bpm) (21) that can only be calculated when an individual‟s heart rate is 

between 40 and 110 bpm (22). 

 SEVR, also known as the Buckberg ratio, is a measure of the adequacy of subendocardial 

muscle perfusion relative to cardiac workload (23). ESRD patients are predisposed to myocardial 

ischemia, diminishing the supply of oxygen in the blood (24). At the same time, left ventricular 

hypertrophy often increases oxygen demand in ESRD patients (25,26). Any change in 

supply/demand ratio might thus be of clinical significance in this population. In addition, Di 

Micco et al. (27) found that SEVR is a predictor of CV morbidity in patients with chronic kidney 

disease (CKD), which often progresses into ESRD. SEVR was calculated from derived aortic 

waveforms by comparing the area under the curve (AUC) of diastole, signifying myocardial 

perfusion (i.e., supply of oxygen), with the AUC of systole, signifying myocardial contraction 
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(i.e., demand for oxygen) (24). A SEVR value ≥140% is considered a normal subendocardial 

perfusion value for a healthy individual (28).   

3.3.2.4 Quality Control 

 Parameters for radial waveform recordings were pre-determined for quality control (<100 

mV for pulse height and >5% for systolic or diastolic variability) with data excluded if outside 

these limits or ectopic beats. A single experienced operator (R.R.) performed all measurements 

and demonstrated high intra-operator reliability for AIx in 21 ESRD and 30 healthy individuals 

[intraclass correlation coefficient (ICC) = 0.83 and 0.94 within a given day, respectively]. 

3.3.3 Study Protocol 

Prior to measurements, all participants (ESRD and healthy) confirmed they had refrained 

from strenuous exercise and alcohol for at least 24 hours and from smoking, consuming caffeine, 

and eating/drinking anything for 4 hours. Demographic information and anthropometric 

measurements were recorded first, followed by 10 minutes of rest, then ultrafiltration volume 

(UFV) loss (for ESRD patients) and hemodynamic assessments were recorded. For all ESRD 

patients, all measures were repeated in the same order at 10-minutes HD, hourly during the 4 

hour HD process, and again at 10-minutes post-HD on 3 consecutive HD treatment days, 

employing the Fresenius Optiflux F200NR dialyzer. Similarly for healthy individuals, measures 

were recorded 10 minutes after baseline measures, and then during 2 additional visits following 

48 and 72 hour intervals.  

In contrast with previous studies, this protocol included more frequent intradialytic 

measurements than Mardare et al. (6), adding 10-minutes HD and 10-minutes post-HD measures. 

It also takes measurements across all three consecutive dialysis days, whereas Georgianos et al. 

(29) covered only two and did not provide direct comparisons of baseline data between days. 
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3.3.4 Statistical Analysis  

All descriptive data were reported as meanstandard deviation (SD) with data for UFV 

loss and all hemodynamic parameters as meanstandard error of the mean (SEM). Normality of 

data was determined by the Kolmogorov-Smirnov test for which all variables conformed to 

normal distributions. ICC (3,1) analyses were used to assess the repeatability of AIx measures 

within a given day and between days, using the two-way mixed effects model with a single 

measure of reliability (30). Initially, a one-way repeated measure (RM) ANOVA assessed for 

between-day differences for the ESRD and healthy individuals, but since no differences could be 

found within either group, data were averaged into one value for each participant. Baseline 

differences between healthy and ESRD individuals (pre-HD and post-HD) were determined using 

a one-way RM ANOVA on the single averaged values. During HD, differences across the 

various measured time points for ESRD patients were determined using a one-way RM ANOVA 

with subsequent differences between the means identified using the Bonferroni post-hoc test. 

Differences in AIx values were further expressed in percent change for ESRD patients at the 

various measured time points during HD. Pearson Product-Moment analysis was used to 

determine correlations between variables. Multiple stepwise regression analysis was performed 

for those parameters found to be significantly correlated to the intradialytic decrease in AIx; 

representing the AIx variation (from pre-HD to 4-hours HD, inclusive). Prior to conducting the 

multiple regression analysis, a test for collinearity was conducted for all variables. All statistical 

analyses were performed using IBM SPSS Statistics (i.e., version 20.0, Chicago, IL, USA), with 

significance accepted at p<0.05. 
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3.4 Results 

3.4.1 Population Characteristics 

Seventy percent of the ESRD patients were male (age: 58.017.4 years), had been 

receiving HD for 91.877.8 months and 17% were self-reported smokers (Table 3.1). The most 

common diagnosis that led to ESRD was diabetic nephropathy (26%). Sixty-five percent of the 

patients were diagnosed with hypertension, 48% with diabetes mellitus, and 43% with other 

documented CV diseases. All ESRD patients were on one or more types of anti-hypertensive 

medication. All patients were receiving erythropoietin treatment for anemia. Fifty percent of the 

healthy participants (age: 43.917.2 years) were male, with 33% self-reported smokers. No 

differences were found between the groups for weight, height, or BMI (using post-HD values for 

ESRD patients). 
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Table 3.1 Characteristics of the study‟s population 

 

Characteristics 

 

ESRD 

(n=23) 

 

Healthy 

(n=30) 

 

 

Age (years) 58.017.4 43.917.2* 

Male 16 (70%) 15 (50%) 

Current smoker 4 (17%) 10 (33%) 

Height (cm) [pre-HD for ESRD] 169.1±9.4 171.5±8.8 

Weight (kg) [pre-HD for ESRD]  77.918.6 77.317.0 

Weight (kg) [post-HD for ESRD] 75.218.1 - 

Body mass index (kg/m
2
) [pre-HD for ESRD] 27.2±5.9 26.3±5.5 

Intradialytic weight loss (kg) 2.41.1 - 

Time on hemodialysis (months) 91.877.8 - 

Diagnosis for renal failure 

Diabetic nephropathy 6 (26%) - 

Glomerulonephritis 5 (22%) - 

Reflux nephropathy 3 (13%) - 
Renal vascular disease 3 (13%) - 

Other 6 (26%) - 

Co-morbidities 
Hypertension 15 (65%) - 

Diabetes 11 (48%) - 

Cardiovascular history 10 (43%) - 

Parathyroid history 9 (39%) - 

Osteoarthritis 3 (13%) - 

Other 7 (30%) - 

Anti-hypertensive medication 

-blockers 11 (48%) - 

Calcium channel blockers 9 (39%) - 

ACE inhibitors 7 (30%) - 

-blockers 6 (26%) - 

 

 
 

Abbreviations: ACE=Angiotensin-converting enzyme; ESRD=end-stage renal disease; 

HD=hemodialysis. All values are presented as mean±SD or n (%). *p<0.05 difference from ESRD 

patients 

 

3.4.2 Interdialytic Changes 

 There were no between-day differences in AIx in either the healthy (Day 1: 16.7±2.5%; 

Day 2: 17.2±2.7%; Day 3: 16.5±2.6%) or the ESRD group for the pre-HD (Day 1: 23.21.5%; 

Day 2:  24.71.4%; Day 3: 25.52.0%) and post-HD (Day 1: 20.22.3%; Day 2: 21.02.1%; Day 



 

110 
 

3: 19.42.6%) values. As a result, the data from all 3 days were averaged into one value for each 

individual.  

3.4.3 Intradialytic Changes  

Intradialytic changes were significant. Over the 4 hours of HD, there was a progressive 

UFV loss of 3.0±0.2 litres (Table 3.2). HR was elevated above the 10-minute HD value from one 

hour of HD through to post-HD (p<0.05). AIx and BP (SBP and PP) were lower at 10-minutes 

HD compared to pre-HD (p<0.05) and AIx and BP (SBP, DBP, and PP) were lower at one 

through 4 hours of HD when compared to pre-HD and 10-minutes HD (p<0.05). At post-HD, AIx 

and all BP parameters were higher than at 2 through to 4 hours of HD (p<0.05), but remained 

lower than at pre-HD (p<0.05). Compared with pre-HD, SEVR was greater at one hour of HD 

through to post-HD (p<0.05). A novel finding included the post-HD values for SEVR being 

lower than at 3 and 4-hours of HD (p<0.05), with SEVR having normal perfusion values (i.e., 

≥140%) from 2 through to 4-hours of HD, inclusively. 
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Table 3.2 Ultrafiltration volume and hemodynamic parameters for end-stage renal disease patients pre-, during, and post-hemodialysis 

(n=23, unless otherwise stated) 

 

Parameters 
Pre-HD 

(10-min) 
10-min HD 1-hour HD 2-hours HD 3-hours HD 4-hours HD 

Post-HD 

(10-min) 

 

 

AIx (%, n=21) 24.41.4 21.91.3
 a
 16.71.6

a,b
     15.71.6

a,b
     16.62.0

a,b
     15.52.1

a,b
 20.22.0

c,h
 

Blood Pressure (mmHg)       

SBP 142.34.4 135.74.5
a
 127.54.2

a,b
 123.33.7

a,b,c
 126.33.9

a,b,d
 126.43.4

a,b
 133.64.1

 h
 

DBP 74.32.0 71.92.4 67.92.4
a,b

 66.22.2
a,b

 66.91.9
a,b

 67.81.9
a,b

 70.31.7
 h
 

PP 68.03.0 63.83.1
 a
 59.63.0

a,b
 57.12.3

a,b
 59.52.7

a,b,d
 58.62.5

a,b
 63.33.1

 h
 

HR (bpm) 74.33.2 73.42.9 75.73.2
b
 77.33.4

a,b,c
 77.23.2

a,b,c
 76.93.3

b
 77.43.4

a,b,c
 

SEVR (%) 127.54.7 133.74.8 138.45.0
 a
 142.15.0

a,b
 147.75.6

g
 152.96.3

e,g
 138.55.5

a,e,f
 

UFV loss (ml)  
 

- 169.711.3 789.069.6
b
 1531.5126.3

b,c
 2302.8181.5

b,c,d
 2984.2217.7

b,c,d
 - 

 

 

Abbreviations: AIx, augmentation index; DBP, diastolic blood pressure; HD, hemodialysis; HR, heart rate; PP, pulse pressure; Pre-

HD, before dialysis; Post-HD, 10-minutes after dialysis; SBP, systolic blood pressure; SEVR, subendocardial viability ratio; UFV, 

ultrafiltration volume. All values are presented as mean±SEM of the pooled data from 3 consecutive HD days. Statistically significant 
a
p<0.05 difference from pre-HD; 

b
p<0.05 difference from 10-minutes HD; 

c
p<0.05 difference from 1-hour HD; 

d
p<0.05 difference 

from 2-hours HD; 
e
p<0.05 difference from 3-hours HD; 

f
p<0.05 difference from 4-hours HD; 

g
p<0.05 difference from pre-HD to 2-

hours HD, inclusive; 
h
p<0.05 difference from pre-HD and 2-hours to 4-hours HD, inclusive 
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3.4.4 Comparison of Healthy and End-Stage Renal Disease (ESRD)  

At pre-HD, AIx [F(1,49)=5.425, p=0.024] and all BP parameters (i.e., SBP 

[F(1,51)=11.573, p=0.001], DBP [F(1,51)=7.407, p=0.009], and PP [F(1,51)=9.332, p=0.004]) 

were higher in ESRD compared to healthy individuals, while SEVR was lower in ESRD than in 

healthy individuals [F(1,51)=6.852, p=0.012] with no group difference in HR [F(1,51)=2.170, 

p=0.249] (Table 3.3). At post-HD, only HR was found to be higher in ESRD than in healthy 

individuals [F(1,51)=4.639, p=0.036]. 

Table 3.3 Comparison of hemodynamic parameters in healthy and ESRD individuals 

 
 

Parameters 
Healthy 

(n=30) 
ESRD (Pre-HD) 

(n=23) 

 

ESRD (Post-HD) 
(n=23) 

 

AIx (%, n=21 ESRD) 16.82.5 24.41.4* 20.22.0 

Blood Pressure 

(mmHg) 

SBP 

DBP 

PP 

 

126.12.5 

68.41.1 

57.71.8 

 

142.34.4* 

74.32.0* 

68.03.0* 

 

133.64.1 

70.31.7 

63.33.1 

Heart Rate (bpm) 69.31.7 74.33.2 76.93.3* 

SEVR (%) 144.54.4 127.54.7* 138.55.5 
 

 

 

Abbreviations: AIx=augmentation index; DBP=diastolic blood pressure; HD=hemodialysis; 

HR=heart rate; PP=pulse pressure; Pre-HD=10-minutes before dialysis; Post-HD=10-minutes 

after dialysis; SBP=systolic blood pressure; SEVR=subendocardial viability ratio. All values are 

presented as meanSEM. *p<0.05 difference from healthy individuals 

 

3.4.5 Influence of Timing on Augmentation Index 

The timing of intradialytic changes varied. The largest decrease percent change in AIx 

occurred during the first hour of HD (31.6%, p<0.05) and remained at that level for the rest of 

HD (Figure 3.1). AIx was already lower at 10-minutes HD than at pre-HD (10.2%, p<0.05). 

There was a decrease of 36.5% (p<0.05) between pre-HD and 4-hours HD. By post-HD, AIx was 

23.3% greater than at 4-hours HD (p<0.05), but remained 17.2% lower than at pre-HD (p<0.05).  

SEVR increased during HD with the greatest increase occurring between pre-HD and the 

first hour of HD (7.9%, p<0.05), and a continued increase (10.3% to 16.6%, p<0.05) for the 
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remainder of HD (Figure 3.2). Compared to pre-HD, SEVR was 7.9% higher at post-HD 

(p<0.05); however, compared to 4-hours HD, SEVR was 9.4% lower at post-HD (p<0.05). These 

were also novel and surprising findings. 

Figure 3.1 Augmentation index trend pre-, during, and post-hemodialysis (n=21)  

 
Abbreviations: AIx=augmentation index; HD=hemodialysis; Pre-HD=10-minutes before 

dialysis; Post-HD=10 minutes after dialysis. All values are presented as mean±SEM of the 

pooled data from 3 consecutive HD days.
 a
p<0.05 difference from pre-HD; 

b
p<0.05 difference 

from 10-minutes on HD; 
c
p<0.05 difference from 1-hour to 4-hours HD, inclusive 
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Figure 3.2 Subendocardial viability ratio trend pre-, during, and post-hemodialysis 

 
Abbreviations: HD=hemodialysis; Pre-HD=10-minutes before dialysis; Post-HD=10 minutes 

after dialysis; SEVR=subendocardial viability ratio. All values are presented as mean±SEM of 

the pooled data from 3 consecutive HD days.
 a
p<0.05 difference from pre-HD; 

b
p<0.05 difference 

from 10-minutes on HD; 
c
p<0.05 difference from pre-HD to 2-hours HD, inclusive; 

d
p<0.05 pre-

HD to 3-hours HD, inclusive; 
e
p<0.05 difference from 3 and 4-hours HD, inclusive 

 

3.4.6 Influencing Factors 

 No significant correlations were found between the changes in AIx and any of the weight 

and volume changes associated with HD, age or any of the hemodynamic parameters at each time 

point. Positive correlations were observed: between the intradialytic decrease in AIx (AIx) and 

the change in SBP at pre-HD, 10-minutes HD, and 1-hour HD, between the intradialytic decrease 

of SBP (SBP); and DBP at pre-HD and the intradialytic decrease in DBP (DBP); and between 

PP at pre-HD, 10-minutes HD, 1-hour HD, 2-hours HD, and the intradialytic decrease in PP 

(PP) (p<0.05) (Table 3.4). Only significantly correlated parameters (i.e., SBP, DBP, and PP) 

were included in the regression analysis. A multivariate stepwise regression analysis revealed 
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50.6% of the total variation in AIx was explained by SBP. Out of all of the parameters that 

initially correlated with AIx, the most dominant factor influencing AIx variation was SBP 

(β=0.712, p<0.001; Table 3.5). Prior to performing the regression analysis, a test for collinearity 

was conducted for all variables with no evidence of collinearity. Variance inflation factor (VIF) 

for all 3 variables entered into the equation (i.e., SBP, DBP, and PP) were less than 2.5. 

Accordingly to Belsely et al. (31) a VIF value less than 2.5 is an indication of none to low 

collinearity. 

Table 3.4 Relationship between the intradialytic change in augmentation index with 

hemodynamic parameters for end-stage renal disease patients (n=21)  

 
 
 

Parameters 
AIx 

R p value 
 
 

Systolic Blood Pressure    

Pre-HD SBP 0.568 0.007 

10-minutes HD SBP 0.500 0.021 

1-hour HD SBP 0.503 0.020 

SBP  0.712 <0.001 

Diastolic Blood Pressure    

Pre-HD DBP 0.284 - 

DBP 0.500 0.021 

Pulse Pressure   

pre-HD PP 0.614 0.003 

10-minutes HD PP 0.515 0.017 

1-hour HD PP 0.742 <0.001 

2-hours PP 0.482 0.027 

PP  0.645 0.002 
 

 

Abbreviations: =intradialytic change at each sequential time interval during hemodialysis (pre-

HD to 10 minutes, 10 minutes to 1-hour HD, 1-hour to 2-hours HD, 2-hours to 3-hours HD, and 

3-hours to 4-hours HD); AIx=augmentation index; DBP=diastolic blood pressure; 

HD=hemodialysis; PP=pulse pressure; SBP=systolic blood pressure  
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Table 3.5 Multiple stepwise regression analysis using the intradialytic decrease in augmentation 

index as the dependent variable for end-stage renal disease patients (n=21) 

 

 

Dependent Variable 

 

Independent Variable 

 

   B 

 

 SE 

 

   β 

 

p value 
 

AIx 
 

Model (R=0.712, R
2
=0.506)     

 SBP    0.212 0.048 0.712 0.000 

 Constant 10.258 6.821  0.149 
 

Abbreviations: AIx, intradialytic decrease in augmentation index from pre-dialysis through to 

4 hours of hemodialysis; SBP, intradialytic decrease in systolic blood pressure from pre-dialysis 

through to 4 hours of hemodialysis 

 

3.5 Discussion 

 The most important finding from the present study is the definitive conclusion that there 

were no interdialytic changes in pre-HD values for AIx across any of the 3 dialysis days during 1 

week, suggesting that it is appropriate for reference AIx values to be obtained prior to HD on any 

given day during a weekly treatment plan. This novel finding suggests that pre-HD measurements 

are comparable regardless of the day of the week they were taken despite recent findings that the 

change in AIx is greater during a 3 day interval between HD sessions compared to a 2 day 

interval (29). In addition, the findings confirmed previous observations of acute decreases in AIx 

with HD (6) and provided new detail through comparisons to a healthy control group. ESRD 

patients had higher arterial stiffness values than healthy individuals prior to HD, but this 

difference was abolished with HD and sustained immediately post-HD. 

 This study also expanded the current knowledge of the time-course of changes in AIx with 

HD by demonstrating decreases in AIx by 10-minutes of HD; earlier than previously reported by 

Mardare et al. (6). In a novel addition to the literature, an increase in AIx at 10-minutes post-HD 

was identified, suggesting that the benefits of HD may be even more transient than previously 

suggested. This rapid time-course of changes in arterial stiffness with both initiation and 

cessation of HD indicates that AIx values are highly dependent on their timing relative to the HD 
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process. For this reason, measurements taken at different time points during HD may not be 

comparable. The current results also confirmed the previous finding that intradialytic changes of 

AIx were primarily influenced by changes in the intradialytic decrease of SBP (6) but contrasted 

recent suggestions that changes in AIx are attributable to weight and volume changes.  

3.5.1 Interdialytic Changes  

This study was the first to report no interdialytic changes in arterial stiffness measures 

between three consecutive HD sessions (32). Similarly, Georgianos et al. (29) in 2011 examined 

the interdialytic change in arterial stiffness measures between different HD sessions (i.e., first and 

midweek HD sessions). They reported the effects of HD on wave reflection indices (i.e., 

augmentation pressure, AIx unadjusted to heart rate, and AIx adjusted to HR) to be consistent 

between the first and midweek HD session of the week. However, the authors appear to have 

averaged their percent change values across all three wave reflection indices, thereby limiting the 

interpretation of their results. In fact, in a separate analyses their data revealed a  23.6% and 

17.0% reductions for the first and midweek HD session, respectively. 

In 2013, Georgianos et al. (16) further examined the interdialytic changes in AIx  between 

2-day and 3-day HD intervals in stable ESRD patients on maintenance HD. They reported AIx 

increased between dialysis sessions and that the increase in AIx was greatest during the 3-day 

interval. Unfortunately, their study compared measurements taken 1-hour post-HD to 

measurements taken 1-hour prior to the initiation of the next HD session and did not perform 

analysis to determine if the source of the between-day differences was attributed to potential 

variations in the magnitude of the changes in stiffness during the HD process itself. In contrast, 

this study assessed interdialytic changes through comparisons of pre-HD AIx values for 3 

consecutive days, and determined that any day of the week could be used as the reference (i.e., 
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baseline) day. This novel finding could alleviate the concerns of comparisons between existing 

and future studies. 

3.5.2 Intradialytic Changes  

 This study found significant intradialytic changes in AIx during HD in contrast to two 

previous studies that reported large artery compliance remained unchanged throughout the HD 

process (8,9). This apparent conflict in the literature may be explained by the different 

methodologies employed. Compliance measures are used to determine distensibility as it relates 

to arterial stiffness, while AIx measures are influenced by SBP, PWV and the reflective 

properties of the arterial wall (33). It may be possible that different constructs of arterial stiffness 

reflect different characteristics of the hemodynamic responses to HD. 

In fact, there was already a reduction in AIx by 10-minutes of HD, with the greatest fall 

occurring within the first hour of HD and remained at this level for the duration of dialysis. These 

findings support those of Mardare et al. (6), who reported the greatest fall in AIx occurred during 

the first 2 hours of HD with an additional but smaller reduction in the third hour of HD. By 

including novel additional 10-minute HD and 10-minute post-HD measures, it was observed that 

the largest drop in AIx occurred even earlier than Mardare et al. (6) reported. This added detail 

suggests that the mechanisms responsible for the decreases in AIx with HD become active early 

in the HD process. 

The data also suggests that the time-course of changes in AIx could be associated with the 

HD method used. Mardare et al. (6) employed two different low flux membrane dialyzers (i.e., 

Fresenius F8 or F10), whereas the current study utilized a high flux membrane dialyzer (i.e., 

Fresenius Optiflux F200NR). A high flux membrane dialyzer offers a more permeable membrane 

that allows for faster removal of fluid and more efficient clearance of small and middle-sized 

molecules (34); therefore the finding of a faster time-course in reduction of arterial stiffness may 
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be explained by the use of a more efficient dialyzer. This suggests for the first time that the type 

of dialyzer used may influence the interpretation of both inter- and intradialytic measurements 

and should be considered in the interpretation of results. 

 In concordance with previous work (6,26), SEVR increased during HD,  suggesting an 

improvement in subendocardial muscle perfusion that may be associated with decreases in 

arterial stiffness. Because ESRD patients experience a change in arterial properties (e.g., 

increased aortic stiffness) that predisposes them to myocardial ischemia, the supply of oxygen 

might be diminished in patients with ESRD, whereas the demand is generally increased because 

of left ventricular hypertrophy (25,26). Any change in supply/demand ratio might thus be of 

clinical significance in this population. In this study, SEVR followed a similar but reciprocal 

pattern to AIx; as well lower than normal SEVR values pre-HD were observed, followed by 

normal SEVR values (i.e., ≥140%) between 2 to 4-hours of HD, and decreases at 10-minutes 

post-HD. This reciprocal relationship is a novel finding. It also contrasts with Mardare et al. (6) 

by suggesting lower than normal SEVR values at pre-HD. However, the participants in this study 

had a much greater dialysis vintage of ~92 months compared to ~34.0 months in Mardare et al. 

(6).  Arterial stiffness is known to increase as renal disease progresses (5,35). This variation in 

pre-HD SEVR values may therefore be attributed to a more advanced stage of renal disease 

compared to the participants in Mardare et al. (6). Although two other studies have compared pre-

HD and post-HD SEVR values and found similar results (13,14), the relationship between AIx 

and SEVR has never been explored during a whole dialysis session, nor across multiple dialysis 

days. The more detailed results and the reciprocal relationship suggests that whatever 

mechanisms are influencing AIx may be influencing SEVR as well. 
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3.5.3 Comparison of Healthy and ESRD Individuals 

As hypothesized, pre- but not post-HD AIx values were higher, all BP parameters were 

higher and SEVR was lower in ESRD individuals in comparison to healthy individuals (p<0.05). 

These differences dissipated post-HD, with the exception of HR remaining higher in ESRD 

patients. Similarly, Vuurmans et al. (13) found HR, PP, and SBP were higher and SEVR was 

lower while no differences in AIx were observed in ESRD compared to healthy individuals 24-

hours post-HD. However, they did not take measures shortly after dialysis. This study further 

clarified the time-course of these changes by demonstrating that most of the group differences 

were already abolished by 1 hour of HD. The results suggest HD may be exerting a temporary 

normalizing effect on most hemodynamic parameters but that this effect on AIx was transient. 

3.5.4 Influence of Timing  

 Comparing pre-HD and post-HD measurements showed a 17.2% decrease in AIx 

(p<0.05), found to be in agreement with other studies that reported a pre- to post-HD AIx 

decrease of 20-29% (13-15). When comparing AIx values between pre-HD to hourly HD time 

points, there was a decrease in AIx ranging from 31.6% to 36.5%, a finding that is in agreement 

with Mardare et al. (6) who found a 37.1% decrease over the 4 hours of HD. Overall, this 

suggests that AIx values are heavily dependent on timing relative to the HD process, and that 

measurements taken at different time points throughout the HD process may not be easily 

comparable. 

Furthermore, the current study found that AIx decreased 10.2% within 10 minutes of the 

start of HD and increased 23.3% within 10 minutes at the end of HD. This suggests that while 

AIx undergoes a rapid drop at the initiation of HD, it also undergoes a rapid recovery after the 

cessation of HD. As a result, comparing pre-HD measurements (before the rapid drop) to 4-hours 

HD measurements (before the rapid recovery) would indicate a relatively larger decrease in AIx, 
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while comparing 10-minutes HD values (after the rapid drop) to post-HD values (after the rapid 

recovery) would suggest a much smaller decrease in AIx. Therefore it is recommended that 

changes in AIx be either determined within the dialysis period (10-minutes HD vs. 4-hours HD) 

or extradialytically (pre-HD vs. post-HD), in order to account for these acute responses. 

3.5.5 Influencing Factors 

In the current study AIx decreased 10.2 % and then increased 23.3% within 10 minutes of 

the start and end of HD, respectively. The presence of such rapid changes is difficult to explain 

through UFV loss alone (6,7). Instead, there has been speculation that various substances may be 

cleared early in the HD process (14,36-38) and may be associated with the early reduction in 

arterial stiffness. There is some evidence to suggest NO (nitric oxide), a known vasodilator, and 

ADMA (asymmetrical dimethylarginine), an endogenous inhibitor of NO synthesis (14,36-39) 

contribute to the reductions in arterial stiffness early in the HD process. Intradialytic 

measurements of blood NO concentrations during HD revealed two peaks during the initial 

period of HD (37). The first and highest peak occurred at the start of HD; followed by a second 

peak around 23 minutes of HD. Increased concentration of NO in the circulation may explain 

some of the decreases in arterial stiffness early in dialysis. ADMA values have also been found to 

decrease (38) and correlate with changes in AIx (14) during HD, potentially contributing to the 

arterial stiffness changes with HD.  

Other potential substances that may have an effect on arterial stiffness during HD include 

endothelin-1 (40), angiotensin II (13), and pro-inflammatory cytokines (41); however, there is no 

evidence available regarding the time-course of change for these substances during dialysis. 

Other contributing factors may include reductions in sympathetic outflow (42,43) and increased 

shear stress induced conduit artery vasodilation (44). 
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In agreement with Mardare et al. (6), this study found that the improvement in arterial 

stiffness during HD was related to an intradialytic decrease in SBP but was not able to confirm 

their observation of a relationship with PP. Like AIx, SBP typically increases with age (45,46) 

and this increase is accelerated in ESRD patients. Both indices also rise as toxins accumulate in 

the blood (6,13), supporting the hypothesis that intradialytic decreases in AIx (and therefore 

SBP) may result, at least partially, from the removal of toxins in the blood. However, both this 

study and Mardare et al. (6) employed relatively small samples (n=23 and 20, respectively). A 

larger sample may show additional factors to be significant in the regression model. 

 The present study has extended the knowledge of previous reports to find that ESRD 

patients do not experience day-to-day interdialytic changes in pre-HD arterial stiffness values and 

that baseline stiffness measures taken on any given day of the week are interchangeable and can 

be used as a reference point in any interventional or longitudinal studies. This alleviates any 

concerns around comparing future and past studies, and suggests that interdialytic timing need 

not be taken into account in future study designs. In a novel finding, AIx changed within 10 

minutes of both the initiation and cessation of HD, emphasizing the influence of timing on AIx 

measures. Overall, these results suggest that HD exerts a temporary CV protective effect that is 

not well understood in terms of mechanisms. 

 Future investigations are needed to identify the exact mechanisms underlying this 

response. Although this study improved the state of knowledge on intradialytic time-course 

changes in AIx and SEVR, more frequent measurements taken over a longer time period 

following dialysis would also provide greater detail. In particular, the results suggest that the 

reduction in AIx and changes in the other hemodynamic parameters may have reached a plateau 

by 1-hour of HD. Future studies might therefore focus within the first hour of HD in more detail. 

Similarly, future studies should include greater details on how long it takes for arterial stiffness 
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and SEVR measures to return to baseline and what mechanisms are involved. Eventually, 

understanding the time-course of acute positive effects of HD on arterial stiffness may influence 

future HD treatment regimes. In particular, understanding these time-course changes may affect 

the timing of medication and other interventions undertaken during HD. 

 AIx, although highly reliable, is also an "indirect" measure of central arterial stiffness. At 

present, aortic pulse wave velocity, measured between the carotid and femoral artery, is 

considered the "gold standard" for evaluating central arterial stiffness (47). The results would, 

therefore, be reinforced by a similar study using "direct" aortic PWV measures. Although this 

study confirmed the previous finding that intradialytic changes of AIx were primarily influenced 

by changes in the intradialytic decrease of SBP (6), significance for some of the factors may not 

have been found in the regression model due to the small sample size. Therefore, a larger sample 

might also improve the results. A longitudinal study (e.g., 6 months to one year with 1 week of 3 

consecutive HD per month) would also strengthen the results, helping confirm the observed lack 

of interdialytic changes. In addition, while SEVR appears to be clinically important, care should 

be taken in assuming its validity in the ESRD population during HD, as no studies could be found 

to support this claim. Lastly, this study revealed that the use of a high flux dialyzer may provide a 

faster time-course in the reduction of arterial stiffness; however, more studies are needed to 

further explore this hypothesis.  
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Chapter 4 

VALIDITY AND RELIABILITY OF PULSE WAVE VELOCITY USING 

PHOTOPLETHYSMOGRAPHY IN END-STAGE RENAL DISEASE PATIENTS 
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4.1 Abstract  

Objectives: Photoplethysmography (PPG) may be an alternative to the reference method, 

applanation tonometry (AT), in determining pulse wave velocity (PWV). The primary objective 

of this study was to evaluate the validity and reliability of peripheral (i.e., carotid-radial; crPWV) 

and central (i.e., carotid-femoral; cfPWV) PWV determined by the new PPG method in 

comparison to the reference (AT) method in end-stage renal disease (ESRD) patients at rest prior 

to undergoing maintenance hemodialysis (HD). The secondary objective was to determine if, in 

ESRD patients, peripheral PWV could be used as a surrogate for central PWV measures, a known 

predictor of cardiovascular (CV) morbidity and mortality. 

Methods: Prior to HD, blood pressure (BP) and heart rate (HR) were measured in 12 ESRD 

patients (8 males, age: 53.816.1 years). Peripheral and central PWV were then assessed using 

both the PPG and the reference method (AT). All measures were acquired following supine rest 

then repeated 10 minutes later for an assessment of within day reliability.    

Results: PWV by AT and PPG were highly reliable for both crPWV (ICC=0.998 and 0.997, 

respectively) and cfPWV (ICC=0.998 and 0.999, respectively) measures. Strong positive 

correlations were observed between the two methods (AT and PPG) for crPWV (r=0.946, 

p<0.01) and cfPWV (r=0.960, p<0.01). Bland-Altman analyses revealed agreement between the 

two methods with a mean difference of -0.30±0.76 m/s for crPWV and -0.23±0.63 m/s for 

cfPWV. Regardless of the method used, values for crPWV and cfPWV were different (p<0.05). 

Conclusions: Overall the findings suggest the new PPG method is a valid and reliable method 

for the determination of both central and peripheral PWV in individuals with ESRD prior to HD. 

They also suggest that crPWV is not a surrogate of central PWV measures using either the AT or 

PPG method. 
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4.2 Introduction  

Cardiovascular disease (CVD) is a leading cause of morbidity and mortality, particularly 

in an at-risk population such as end-stage renal disease (ESRD) patients (1). Compared to the 

general population, ESRD patients have a 10 to 30 times greater risk of death due to the 

development of CVD (1,2), with cardiovascular (CV) events accounting for up to 50% of these 

deaths (3,4). This elevated CVD risk has been attributed in part to increased arterial stiffness, 

related to structural and functional changes to the large arteries, that ESRD patients typically 

experience (4-6,7). Arterial stiffness has been shown to be a strong independent predictor of CV 

mortality (8,9). The ability to measure arterial stiffness accurately and easily could therefore be 

important in detecting and preventing CVD, especially in the ESRD population.  

Pulse wave velocity (PWV) is a valid and reliable measure of arterial stiffness (10-12). 

PWV is the speed at which a pulse wave travels between two segments of the arterial tree (13). 

Pulse waves travel more quickly though stiffer arteries, causing a higher PWV value. Higher 

PWV values are in turn associated with greater CV risk (10). There are questions, however, 

regarding the ideal measurement tool for obtaining the pulse waveforms necessary to determine 

PWV.  

There are several non-invasive methods of acquiring these waveforms. Applanation 

tonometry (AT) is widely considered the reference method (14-16). AT has been shown to be a 

valid and reliable method in both healthy (14-18) and ESRD populations (19-21). During AT, a 

small pencil-like probe is used to partially compress a superficial artery. The probe then records 

the changes in pressure generated by each heartbeat to produce a “pressure" pulse waveform (22-

24). However, a relatively high level of expertise is required to acquire accurate and reliable data 

via AT (22,23,25,26) and therefore the reliability of PWV measured by AT is dependent on the 

skill of the operator (14,27). Furthermore, an improperly applied AT probe may alter the pressure 
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waveform due to excessive or inconsistent artery compression (12,28-30). The acquisition of 

pressure waveforms using AT can therefore be time-consuming as the operator searches for the 

best probe position (26,31). The AT probe is also expensive (20,32,33). Most importantly, 

acquiring AT signals from several measurement sites at once requires several operators, creating 

a potential risk of inter-operator error (22,26,31,33). 

Photoplethysmography (PPG) may be a potential alternative for the measurement of 

PWV. The PPG probe is a small infrared (IR) photoelectric sensor, comprised of an IR light 

source and a photodetector located on the same side, to allow the measurement of reflected light 

on the skin‟s surface (34-37). The probe emits an IR light that passes into the skin and is 

reflected, scattered and absorbed by dermal tissue, by vascular tissue, and by blood. Each of these 

materials absorbs the light differently, with blood absorbing more strongly than skin (34-37). As 

the relative volume of blood underneath the probe varies with each heartbeat, so does the amount 

of reflected light (34-37). By measuring these reflections, the PPG probe is able to capture the 

“blood volume” changes to generate a representative pulse waveform. 

A more recent model of the PPG probe became available for use in 2009 (i.e., model 

number: MLT1020PPG by ADInstruments, Colorado Springs, USA) (38,39). Improvements over 

previous models include remodelling the probe to include a small and flat surface, allowing it to 

be held against the skin with a modified adjustable elastic Velcro band. This allows a single 

operator to simultaneously record from several arterial sites (e.g., carotid, radial, and femoral) 

(38-40). The use of elastic Velcro bands also means less manual influence on the position of the 

probe during operation for data collection, thereby reducing the potential for inter- and intra-

operator error associated with improper use, movement, or altering the contact between the probe 

and the skin‟s surface (34). When a PPG probe is securely attached there is no need to search for 

optimal placement of the probe at each arterial site, making data collection less time-consuming. 
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Moreover, the probe does not compress or otherwise alter the artery in question (12,28-30). The 

PPG probe is also far less expensive, approximately 20 times cheaper than the AT probe [$250 

vs. $5,000 US dollars, respectively) (33,40). Unlike the AT probe, the PPG probe permits the 

exploration of deep arteries according to the wavelength and the distance between the light 

source and the PPG probe (41,42), a characteristic that is most useful when assessing PWV in 

overweight individuals (43). Together, these advantages suggest that the PPG probe may be a 

more user friendly and a better tool for the determination of PWV than AT, especially in a 

clinical setting. 

Previous studies have demonstrated the PPG probe‟s ability to measure PWV; however, 

these studies were generally acquiring data from the finger, toe or ear (23,44-47). This makes 

these results difficult to compare to studies using the AT probe, which typically acquire 

measurements from other arterial sites (13,48-50).  

In fact, it appears that no published study has systemically examined the validity and 

reliability of both peripheral and central PWV assessed by PPG in ESRD individuals using the 

most recent, flat-headed probe. As a result, there is no recognized standard for the clinical 

measurement of arterial stiffness with this new probe (i.e., PWV by PPG). Before the use of this 

probe can be incorporated into routine clinical practice for the assessment of arterial stiffness its 

validity and reliability need to be established.  

 Putting aside questions of the best method to measure PWV, there are also questions 

concerning the best location from which to obtain PWV measures. Currently, aortic PWV is 

considered the "gold standard" for evaluating arterial stiffness (13,51,52) and is measured 

between the carotid and femoral artery (cfPWV), also referred to as central PWV. A great deal of 

epidemiological evidence supports the value of using central PWV for the prediction of CV 

events (11,13,53-55). However, central PWV requires exposing the inguinal area for the 
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acquisition of pulse waveforms from the femoral artery, which can compromise an individual‟s 

privacy and is especially relevant for patients undergoing hemodialysis (HD) in a unit with 

several other dialysis patients. Consequently, peripheral arterial stiffness (e.g., carotid-radial; 

crPWV) has been used as a surrogate measure of a central PWV measure (56). 

A recent study by Di Iorio et al. (56) analyzed the relationship of crPWV and cfPWV 

values in 105 HD patients (age: 64.6±16.1 years). They found a strong regression coefficient 

(R
2
=0.90) between crPWV and cfPWV measures with a Bland-Altman analysis revealing a mean 

difference of only -0.037±0.99 meters/second (m/s); suggesting crPWV may be a valid surrogate 

of cfPWV. However, others have shown PWV measures taken from the peripheral vascular 

segment are not representative of a central measure. In fact, Pannier et al. (57) found crPWV to 

have no prognostic value and that only central PWV was a strong independent predictor of CV 

mortality in 305 ESRD patients (age: 53.1±16.2 years), suggesting that the two measures are not 

interchangeable when directly assessing CV risk. Similarly, a more recent study by Tillin et al. 

(7) in 159 males (age: 61.8±8.7 years), with, and without, known coronary artery disease (CAD), 

supported these findings. Utilizing computed tomography to score coronary artery calcification 

(CAC), they found central PWV, but not peripheral (i.e., crPWV and femoral-posterior tibial 

PWV) to be strongly associated with markers of atherosclerosis (p=0.0003). By contrast, PWV 

measured outside the aortic track, in the upper (i.e., carotid-radial) or lower (i.e., femoral-tibial) 

limbs, was not predictive of CV events in ESRD patients (57). These findings call into question 

the value of using peripheral PWV measures to predict CV risk.  

Accordingly, the primary objective of this study was to evaluate the validity and 

reliability of peripheral (i.e., carotid-radial) and central (i.e., carotid-femoral) PWV determined 

by the new PPG method compared to the reference (AT) method in ESRD patients prior to 

undergoing maintenance HD. It was hypothesized that the new PPG method would be a valid and 
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reliable method of PWV determination in both peripheral and central arterial stiffness of ESRD 

patients. A second objective was to determine if peripheral PWV measures could be used as a 

surrogate for central PWV measures. It was also hypothesized that peripheral PWV would not be 

a surrogate of central PWV measures using either the AT or PPG method. 

4.3 Material and Methods 

4.3.1 Participants 

Twelve ESRD patients [defined as Stage 5 chronic kidney disease (CKD)] were recruited 

from a Kingston Satellite Dialysis Unit. For ESRD patients to be included in this study, they had 

to (a) be 18 years of age or older; (b) have received HD for a minimum of 3 months; (c) have 

experienced no major CV events (defined by the absence of angina, myocardial infarction, stroke, 

atrial fibrillation) in the past 3 months; (d) have shown no evidence of severe peripheral vascular 

disease (defined by the absence of a peripheral pulse on clinical examination); and (e) be 

cognitively able to provide informed consent. Experimental procedures and potential risks were 

fully explained to all participants prior to data collection. All participants provided verbal and 

written informed consent (Appendix A). This study was approved by the Queen‟s University 

Health Sciences Research Ethics Board (REB #463-10, Appendix B).  

4.3.2 Study Protocol 

All participants self-reported they refrained from any strenuous exercise and alcohol for at 

least 24 hours prior to investigations. In addition, they were requested to refrain from smoking, 

consuming caffeine (e.g., coffee, tea, energy drinks, etc.), and eating or drinking anything 4 hours 

prior to testing. This study was performed in the satellite dialysis unit prior to a patient‟s second 

or third weekly HD session. The first HD treatment of the week, which followed a 72 hour 

weekend break, was excluded in order to maintain a consistent 48 hour interval between 



 

136 
 

treatments and to avoid any difference in interdialytic fluid accumulation between participants. 

All measures were done in a quiet, climate-controlled (23 to 25
0
C) room.  

After informed consent and demographic data were obtained anthropometric measures 

were taken. This was followed by applying three electrocardiogram (ECG) leads to the chest wall 

and having the patient rest in a supine position for 10 minutes for cardiovascular stabilization. 

Brachial BP, heart rate (HR), and pulse waveforms (AT and PPG) were measured on the same 

side of the body (i.e., non-fistula side). Brachial BP and HR were first measured followed by 

obtaining pulse waveforms measured from each of the arterial sites (i.e., common carotid then 

radial then common femoral, in this order) with both the AT and PPG probe simultaneously 

recording for approximately 30 seconds at each site. The PPG probes were affixed with a 

modified adjustable Velcro band developed by the author of this dissertation. Participants rested 

for another ten minutes before these same measures were repeated.  

4.3.3 Measurements 

4.3.3.1 Demographic Information 

ESRD patient‟s demographic information was obtained by self-report and from their 

medical charts. This information included age, gender, time on HD (months), primary diagnosis 

of renal failure, co-morbidities, and medications. Smoking history was self-reported.  

4.3.3.2 Anthropometric Measurements 

Standing body height was determined to the nearest 1.0 centimetre (cm) using a wall-

mounted measuring tape and body weight was determined to the nearest 0.1 kilogram (kg) using 

a stand-on type digital weighing scale (i.e., Scale-Tronix), both without shoes. Body mass index 

(BMI) was calculated as weight divided by height squared (kg/m²).  
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4.3.3.3 Brachial Blood Pressure 

Resting brachial blood pressure (BP) was determined in the supine position at heart level 

from the non-fistula arm using the auscultation technique according to the Hypertension Canada 

Guidelines (58), in triplicate at each time point. Phase I and V of Korotkoff sounds were taken as 

the systolic (SBP) and diastolic (DBP) pressures, respectively (59).  

4.3.3.4 Pulse Wave Velocity (PWV) 

4.3.3.4.1 Instrumentation (AT and PPG) and Data Acquisition 

PWV was determined by AT and PPG from the non-fistula side of the body of ESRD 

patients. AT (i.e., model SPT-301 probe, Millar Instruments Inc., Texas, USA) was performed 

using a small, hand-held, pencil sized probe with a high-fidelity micromanometer at its tip. The 

AT probe was positioned over the arterial site of interest at the point of greatest pulsation. Each 

artery was applanated against the underlying tissues, causing the intra-arterial pulse pressure to 

be transmitted through the arterial wall and into the probe (12,60). The recording sites were 

marked to assist with consistent AT probe placement for each of the arterial site recordings and 

for between measures (i.e., Time 1 and Time 2). Photoplethysmography (i.e., MLT1020PPG) was 

performed using the most recent small flat-headed square IR optical transducer [emitting a 

wavelength of approximately 950 nanometer (nm)] (38). The PPG probe was secured over the 

respective artery using modified adjustable elastic Velcro bands taking care not to restrict the 

flow of blood (e.g., venous congestion). This technique allowed for one operator to 

simultaneously record AT and PPG measurements from the same arterial site.  

The AT and PPG probe were both connected to an analogue-to-digital converter, to 

capture data from the selected arterial sites. Data acquisition at a sampling frequency of 200 Hz 

was performed using a PowerLab 8/30 (ML870, ADInstruments Corporation, Sydney, Australia) 

and the companion software LabChart (version 7.2, ADInstruments). For all participants, data 
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were acquired for approximately 30 seconds at each arterial site, then digitalized and displayed 

on a computer monitor in real-time. This process allowed for a minimum of 10 high quality 

sequential pulse waveforms to be generated, from which an averaged waveform could be 

calculated. Non-physiological variations were removed from the AT and PPG signals using a 

low-pass digital filter (5 Hz) to ensure reliable results. Then, a band-pass filter with the low and 

high cut-off frequencies set at 5 and 30, respectively were utilized to identify the foot of the 

waveform (61,62). As a reference, a simultaneously recorded ECG was acquired using a 3-lead 

system to determine the start of the pulse wave. The ECG signal was recorded with a low-pass 

filter with a cut-off frequency of 50 Hz.  

4.3.3.4.2 Arterial Sites of Interest 

The arterial sites of interest were the common carotid, radial and common femoral arteries 

on the non-fistula side of the body, to allow for the determination of PWV measures from a 

peripheral (i.e., carotid-radial) and central (i.e., carotid-femoral) arterial segment.  

4.3.3.4.3 Calculation of Distance, Pulse Transit Time and PWV 

The distance (∆ distance, meters) travelled by the pulse wave between each probe 

measurement site (AT and PPG) was measured using a non-elastic measuring tape after each 

PWV collection. Distance from the carotid recording site to the supra-sternal notch was 

subtracted from the distance between the supra-sternal notch and the radial site for the 

determination of the crPWV distance. Similarly, the cfPWV distance was determined from the 

carotid location to the supra-sternal notch subtracted from the distance between the supra-sternal 

notch and the femoral recording site (63). Pulse transit time (PTT) was determined as the mean of 

10 consecutive pulse waveforms to ensure inclusion of at least one complete respiratory cycle 

(22). PWV was then calculated as the ∆ distance traveled by the pulse between the two arterial 
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recording sites (carotid-radial or carotid-femoral) divided by the PPT (seconds), according to the 

formula: PWV (meters/second) = ∆ distance (meters) /PTT (seconds) (10,64,65).  

4.3.3.4.4 Quality Control 

Real-time display and continuous auto-scaling of the pulse waveforms (i.e., pressure and 

volume) allowed for fine adjustments to the positioning of the probes (i.e., AT and PPG) for 

optimal signal acquisition by a single experienced operator. Visually acceptable waveforms and a 

mean pulse height above 80mV were required to be included in the data analysis (66). A standard 

deviation of less than 10% of the mean value was accepted with all data outside these limits and 

ectopic beats excluded. A single experienced investigator (R.R.) performed all measurements to 

minimize inter-operator error. In this study, the investigator demonstrated low coefficient of 

variation (COV) for measurements taken 10 minutes apart at each site in12 ESRD patients for 

both peripheral and central PWV by AT and by PPG (crPWV by AT COV=4.36% and by PPG 

COV=4.02%; cfPWV by AT COV=4.48% and by PPG COV=4.84%). 

4.3.4 Statistical Analysis  

 Kolmogorov-Smirnov test was performed for all variables with no deviations from 

normality were detected. For quality assurance, the coefficient of variation for each data 

collection method was calculated as COV=(SD) x 100, where SD was the standard deviation of 

the mean of Time 1 and Time 2, and  was the average of Time 1 and Time 2 (approximately 10 

minutes apart) for each participant, with the overall mean expressed as a percentage. Descriptive 

data were reported as mean±SD. Differences between the mean values for Time 1 and Time 2 

were determined using a paired t-test for HR, BP, and PWV by AT and PPG at the carotid-radial 

(i.e., peripheral) and carotid-femoral (i.e., central) arterial sites. Test-retest reliability, defined as 

the consistency of a particular tool or assessment at a different testing time, was assessed using 
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the intra-class correlation coefficients (ICC) (67). An ICC (3, 1) was calculated using the two-

way mixed effects model with a single measure of reliability (68). ICC values were interpreted as 

poor (0.00-0.20), fair (0.21-0.40), moderate (0.41-0.60), substantial (0.61-0.80), or almost perfect 

(0.81-1.00) (69). Since no differences in the PWV values were found between Time 1 and Time 2, 

all data time points were included in the scatter plots and Bland-Altman plots. The correlation 

between the values for PWV using the AT and PPG method was determined using the Pearson 

Product-Moment analysis and presented in scatter plots. Bland-Altman analyses were used to 

determine the extent of agreement of the two PWV methods (70-72). Differences between the 

mean values for crPWV and cfPWV between the AT and PPG method were determined using a 

paired t-test. All statistical analyses were performed using MedCalc® (i.e., version 12.2, 

Belgium) and IBM SPSS Statistics (i.e., version 20.0, Chicago, IL, USA), with significance 

accepted at p<0.05. 

4.4 Results 

4.4.1 Demographic Characteristics  

The demographic data for ESRD patients are summarized in Table 4.1. The 12 ESRD 

patients were primarily middle-aged (age: 53.8±16.1 years) and had been undergoing HD for 

approximately 9.26 years (range: 10 to 276 months) with males representing 67% of the 

population. Twenty-five percent of the patients were self-reported smokers, 17% of which were 

males. The average height was 169.2 cm and the average weight was 78.4 kg, resulting in a BMI 

of 27.3±6.6 kg/m
2
 (before dialysis). The most common diagnosis that led to ESRD was diabetic 

nephropathy (25%). For co-morbidities, 58% of the patients were diagnosed with hypertension, 

42% with diabetes mellitus, and 25% with other documented CV diseases. All ESRD patients 

were on one or more antihypertensive treatments, with the most common being calcium channel 
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blockers (58%) and β-blockers (50%). In addition, all HD patients were receiving erythropoietin 

treatment to correct renal anemia.  

Table 4.1 Demographic characteristics of end-stage renal disease patients 

 

Characteristics 
   ESRD 

    (n=12) 

Age (years)   53.816.1   

Male    8 (67%) 

Current smoker    3 (25%) 

Height (cm) 169.29.9 

Weight (kg) [pre-HD for ESRD]    78.421.4 

Body mass index (kg/m
2
) [pre-HD for ESRD]   27.36.6 

Time on hemodialysis (months) 111.195.7   

Diagnosis for renal failure 
Diabetic nephropathy    3 (25%) 

Infectious glomerulonephritis    2 (17%) 

IgA nephropathy    2 (17%) 

Reflux nephropathy    2 (17%) 

Hypertensive nephrosclerosis    1 (8%) 

Other    2 (17%) 

Co-morbidities 
Hypertension    7 (58%) 

Diabetes mellitus     5 (42%) 

Cardiovascular history    3 (25%) 

Parathyroid history    3 (25%) 

Osteoarthritis    1 (8%) 

Anti-hypertensive medication 
Calcium channel blockers     7 (58%) 

-blockers     6 (50%) 

-blockers     1 (8%) 
 

Abbreviations: =alpha; =beta; ESRD=end-stage renal disease; HD=hemodialysis. Values are 

expressed as mean±SD or n (%) 

 

4.4.2 Reliability of AT and PPG 

The mean±SD values for BP (i.e., SBP and DBP), HR, and PWV at the carotid-radial and 

carotid-femoral arterial site for Time 1 and Time 2 (prior to HD during supine rest) are listed in 

Table 4.2. There were no mean differences observed between Time 1 and Time 2 for any of the 

BP, HR, or PWV values. All PWV measurements (i.e., AT and PPG) showed almost perfect 

reliability, with ICC values ranging from 0.997 to 0.999. 
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Table 4.2 Reliability of blood pressure, heart rate, and pulse wave velocity measures  

 

 

Measures 
Time 1 Time 2 ICC (3,1) 

Blood Pressure (mmHg)    

     SBP 154.42±22.02  154.50±23.42 0.983 

     DBP   74.33±7.78 74.33±8.46 0.920 

Heart Rate (bpm)   69.92±7.43 69.58±7.98 0.958 

Carotid-radial PWV (m/s)    

      AT 8.00±1.21 7.97±1.22 0.998 

     PPG 8.30±1.13 8.27±1.11 0.997 

Carotid-femoral PWV (m/s)    

     AT 7.68±1.25 7.62±1.29 0.998 

    PPG 7.89±1.23 7.87±1.24 0.999 
 

Abbreviations: AT=applanation tonometry; DBP=diastolic blood pressure; 

PPG=photoplethysmography; PWV=pulse wave velocity; SBP=systolic blood pressure 

 

 4.4.3 Degree of Agreeability between the Different PWV Methods  

For simplicity, the within-observer analyses are presented as pooled data, as there was no 

evidence to suggest a difference in measures taken at Time 1 and Time 2. Scatter plots and 

corresponding Bland-Altman plots of the PWV values of the pooled data (i.e., Time 1 and Time 

2) for each PWV measurement tool (AT and PPG) taken from the carotid-radial and carotid-

femoral arterial sites are shown in Figure 4.1a and Figure 4.1b, respectively. For crPWV, there 

was a strong and positive correlation between AT and PPG (r=0.946, p<0.01). A Bland-Altman 

plot revealed that the mean difference in crPWV obtained with the two methods was -0.30±0.76 

m/s with PPG values being higher than those obtained with AT. All values for the difference 

between AT and PPG measures were within 2 SD (+0.46 to -1.06 m/s) of the mean difference.  

The data suggests that for crPWV, there was a high level of agreement between the two methods 

(i.e., AT and PPG).  

Similarly for the carotid-femoral arterial site, there was a strong and positive correlation 

between AT and PPG (r=0.960, p<0.01). A Bland-Altman plot showed that the mean difference 

in central PWV obtained with the two methods was -0.23±0.63 m/s with PPG values being 

greater than those obtained with AT. Only 1 value for the difference between AT and PPG 
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measures fell outside the 2 SD (+0.46 to -0.92 m/s) of the mean difference.  The data suggest that 

there is a high level of agreement between the two methods for central PWV measures. 
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Figure 4.1a Scatter plot and corresponding Bland-Altman plot for carotid-radial PWV (crPWV) measurements by applanation 

tonometry (AT) and photopleysmography (PPG) at rest  

Left Panel: Relationship between AT and PPG measurements of crPWV at rest  

Right Panel: Bland-Altman plot for crPWV measures using the AT and PPG methods at rest. The difference between crPWV values 

using the two methods is plotted on the y-axis and the average of the crPWV values using the two methods is plotted on the x-axis 
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Figure 4.1b Scatter plot and corresponding Bland-Altman plot for carotid-femoral PWV (cfPWV) measurements by applanation 

tonometry (AT) and photopleysmography (PPG) at rest  

Left Panel: Relationship between AT and PPG measurements of cfPWV at rest  

Right Panel: Bland-Altman plot for cfPWV measures using the AT and PPG methods at rest. The difference between cfPWV values 

using the two methods is plotted on the y-axis and the average of the cfPWV values using the two methods is plotted on the x-axis 
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4.4.4 Comparison of Carotid-Radial PWV and Carotid-Femoral PWV  

The mean difference ± SD between the crPWV and cfPWV values with the AT and PPG 

method are listed in Table 4.3. There was a difference between crPWV and cfPWV when using 

either AT or PPG to obtain the data (p<0.05); suggesting peripheral and central PWV measures 

cannot be used inter-changeably in this population, regardless of the method by which these 

values were obtained. A subsequent Bland-Altman analysis revealed two influential participants 

(a 66-year-old female and a 36-year-old male) with greater variability between the peripheral and 

central PWV data compared to their cohorts. Specifically, the female participant showed an 

elevated mean difference between the crPWV and cfPWV measures for the PPG (1.31±0.06 m/s) 

method, while for the male participant there was an elevated difference for both the AT 

(1.73±0.09 m/s) and PPG (1.29±0.04 m/s) method. However, significant differences between the 

peripheral and central PWV data persisted even when these two participants were removed from 

the data analyses. 
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Table 4.3 Difference between carotid-radial PWV (crPWV) and carotid-femoral PWV (cfPWV) measured by applanation tonometry 

(AT) and photoplethysmography (PPG) at Time 1 and Time 2 

Time 
Difference between crPWVAT and cfPWVAT (m/s) Difference between crPWVPPG and cfPWVPPG (m/s) 

crPWVAT cfPWVAT Difference p value crPWVPPG cfPWVPPG Difference p value 

Time 1 

 
8.00±1.21 7.68±1.25 0.32±0.49 0.041 8.30±1.13 7.89±1.23 0.41±0.44 0.007 

Time 2 

 
7.97±1.22 7.62±1.29 0.35±0.44 0.020 8.27±1.11 7.87±1.24 0.40±0.48 0.014 
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4.5 Discussion 

This may be the first study that has examined the validity and reliability of peripheral 

(i.e., carotid-radial) and central (i.e., carotid-femoral) PWV determined by the new PPG probe 

compared to the reference (AT) method, in individuals with ESRD prior to undergoing 

maintenance HD. As hypothesized, PPG was a valid and reliable method of PWV determination 

in both peripheral and central arterial stiffness in ESRD patients. Also hypothesized was that 

peripheral PWV would not be a surrogate measure of central PWV using either the AT or PPG 

method. This expectation was confirmed with values for peripheral and central PWV being 

different (p<0.05), regardless if taken by the AT or PPG probe, even after excluding influential 

outliers. Overall, the findings suggest first, that while PPG is a valid and reliable tool for the 

determination of PWV in ESRD patients while at rest and that peripheral PWV cannot be used as 

a surrogate for the clinical standard central PWV measure.  

4.5.1 Reliability of AT and PPG 

The current study found almost perfect intra-operator reliability of PWV by AT for both 

the carotid-radial (ICC=0.998) and carotid-femoral (ICC=0.998) arterial segments in ESRD 

patients, with measures taken 10 minutes apart on the same day. These values are in agreement 

with those previously reported in ESRD patients (66,73). Similarly, the intra-operator reliability 

of PWV by PPG was almost perfect for both the carotid-radial (ICC=0.997) and carotid-femoral 

(ICC=0.999) arterial segments, with measures taken 10 minutes apart on the same day. No 

previous studies were found that reported on the intra-operator reliability of PWV by PPG in 

ESRD patients, making this finding novel. However, one unpublished study did report good 

intra-operator reliability of crPWV by PPG in 26 healthy young individuals and demonstrated, 

using a Bland-Altman plot, a minimal mean difference between testing (i.e., 0.10±1.12 m/s) (63).  
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4.5.2 Degree of Agreeability between AT and PPG Method  

A near perfect positive correlation was found between the values for crPWV as 

determined by the AT and PPG method (r=0.946, p<0.01), reflecting a high level of agreement 

between the two methods. A Bland-Altman analysis demonstrated a minimal mean difference in 

crPWV values of only -0.30±0.76 m/s, with all values falling within 2 SD (+0.46 to -1.06 m/s). It 

appears that only Mathias et al. (63) examined the agreement between these two methods at the 

peripheral (i.e., carotid-radial) arterial site. They reported a mean difference in crPWV of 

0.98±1.57 m/s, with all but 2 values falling within 2 SD (+2.55 to -0.59). These values revealed a 

greater bias and variability between the two methods compared to the findings in this study. 

Furthermore, Mathias et al. (63) found crPWV values obtained by AT to be generally 

greater than those obtained with PPG, while the current study found values obtained by the PPG 

method to be slightly greater than those obtained by AT. This discrepancy may be related to the 

different study population (i.e., healthy and ESRD individuals). In fact, an earlier pilot study in 

the laboratory with 20 healthy individuals (age: 18 to 52 years) established a minimal mean 

difference of 0.14±0.50 m/s in crPWV obtained by PPG compared to the reference (AT) method, 

with all values but one falling within 2 SD (0.64 to -0.36 m/s). This data supports Mathias‟s (63) 

findings with healthy individuals, of a positive bias for the AT versus the PPG method. 

Suggesting there may be a difference in the direction of the bias between these two methods in 

healthy versus the ESRD population, with AT values appearing higher in healthy individuals and 

PPG values appearing higher in ESRD individuals.  

Although the results indicate a minimal bias between the two methods for crPWV when 

compared with the findings of Mathias et al. (63), several technical issues may account for this 

discrepancy.  First, the length of time between the two PWV measures was 10 to 15 minutes in 

the current study, with no significant differences observed in systolic BP (ICC=0.983), diastolic 
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BP (ICC=0.920), or HR (ICC=0.958) between data collection time points. Mathias et al. (63) 

stated in their methods section that they had alternated between probes and randomized the order, 

but the time between these measures and the findings for BP and HR were not reported. In 

comparison, data was obtained using AT and PPG simultaneously in the current study.  Previous 

studies have demonstrated PWV to be significantly influenced by BP (74) and HR (75). 

Variations in BP and HR may explain the variability found by Mathias et al. (63). Furthermore, 

PWV has been shown to be influenced by respiration, being slightly higher during expiration 

than inspiration, as BP is slightly elevated during the expiratory phase (76). Taking into 

consideration, PWV is normally calculated as the mean of 10 consecutive waveforms covering 

one full respiratory cycle (22,76,76) which this study followed the same protocol for all 

participants. However, Mathias et al. (63) indicated in their results section that “in about 5% of 

the measurements” of the participants, they had difficulty detecting the foot of the waveform and 

therefore the mean value of PWV was calculated on less than 10 consecutive waveforms. 

Unfortunately, Mathias et al. (63) did not report the phase of the respiratory cycle in which PWV 

values were captured for these shorter data sets. Subsequently, the variation in the measurement 

times relative to the respiratory cycle may have contributed to the greater variability in PWV 

values. In addition, this study measured the distance travelled by the pulse wave between the 

carotid to radial arterial site after each PWV measure for both the AT and PPG method, whereas 

Mathias et al. (63) measured only "once" at the beginning of their study. If a participant moved 

during testing, then the probe(s) position may have changed, requiring a different value for the 

distance that the pulse wave travelled. Using a single distance measure for all data collection time 

points may considerably change the calculated PWV value(s) (13,77). Furthermore, this study 

secured the PPG probes over each of the respective arteries using modified adjustable elastic 

Velcro bands. However, Mathias et al. (63) made no mention of securing the PPG probes, instead 
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in their methods section they reports measurements “were made in alternation and in a random 

order”. Thus, technical differences between the studies may explain the greater bias and 

variability reported by Mathias et al. (63). 

This study is the first to compare the AT and PPG method at the carotid-femoral site. 

Similar to the crPWV values, an excellent correlation was found between the values determined 

by the AT and PPG method for cfPWV (r=0.960, p<0.01) reflecting good agreement between the 

two methods. More importantly, little bias was found between the values for cfPWV obtained 

with the two methods, the mean difference being only -0.23±0.69 m/s. All values but one fell 

within 2 SD (+0.46 to -0.92 m/s). These findings indicate that PPG is a highly valid and reliable 

measure of cfPWV in individuals with ESRD while at rest prior to HD.   

4.5.3 Comparison of Carotid-Radial PWV and Carotid-Femoral PWV 

As hypothesized, peripheral (i.e., carotid-radial) PWV was found not to be an acceptable 

surrogate of central (i.e., carotid-femoral) PWV measures using either the AT or PPG method. 

These findings are in agreement with those of Pannier et al. (57) who found only central but not 

carotid to radial PWV measured by AT to be a strong independent predictor of CV mortality in 

305 ESRD patients. Similarly, Tillin et al. (7) found crPWV and cfPWV values measured by 

pulse Doppler to be different in men with and without coronary artery disease (CAD). These 

finding have implications for the determination of PWV as a prognostic indicator of CV mortality 

and morbidity, since crPWV has not been shown to have the same consistent predictive capacity 

as central PWV. To this author's knowledge, this is the first study to determine peripheral PWV 

acquired through the use of the new PPG method probe is not an acceptable surrogate of central 

PWV measures. 

When Latham et al. (78) used invasive techniques to investigate the diameter and pulse 

wave contour of the entire human aorta and its terminal branches (i.e., iliac arteries) in patients 
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electing to have cardiac catherization (n=9; age: 42±5 years), they found heterogeneity of the 

PWV values along the arterial tree (78). Specifically, PWV values increased from 4 to 5 m/s in 

the ascending aorta to 5 to 6 m/s in the abdominal aorta then 8 to 9 m/s in the iliac and femoral 

arteries. The structure and function of the arterial system differs markedly between large central 

"elastic" arteries (e.g., aorta and major branches), representing the principal conduit system, and 

the stiffer peripheral "muscular" arteries (e.g., femoral) which have a predominantly cushioning 

function (79). These variations in structure and function may cause the pulse wave contour to 

change from the aorta to the femoral arteries. Moreover, the elastin tissue of central arteries tends 

to fray and decrease with age whereas peripheral arteries do not undergo the same large changes 

in elastin tissue with age, due to their muscular nature (80,81). These differences between central 

and peripheral arteries may be even more pronounced in ESRD patients, who experience 

premature arterial aging (82-85). An elevation in central PWV values have been associated with 

an increased CV risk in patients with ESRD, with one study showing a 39% increase in all-cause 

mortality with each 1 m/s increase (5). By contrast, PWV measured outside the aortic track, at the 

upper (i.e., carotid-radial) or lower (i.e., femoral-tibial) limb, have not been found to be 

predictive of CV events in ESRD patients (57). These results suggest that clinical practitioners 

should make treatment decisions based on central PWV measures; although, consideration should 

be given to the privacy needs of the patients when acquiring the data. 

4.6 Conclusions 

The new PPG probe was found to be a valid and reliable method for the determination of 

both resting peripheral (i.e., carotid-radial) and central (i.e., carotid-femoral) PWV measures in 

individuals with ESRD. Since PPG offers several advantages compared to the AT method, as it is 

less expensive, easier to operate, and permits simultaneous measurement at several arterial sites 

by a single investigator, it may be advantageous for routine clinical use in the assessment of 
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arterial stiffness and risk of CV morbidity and mortality in ESRD patients, as well as other 

individuals with known CVD. 

Regarding the secondary objective, this study advanced the current state of knowledge 

that a peripheral (i.e., carotid-radial) PWV measure is not a valid surrogate of a central PWV 

measure, regardless of the data collection method (i.e., AT or PPG) in ESRD patients while at 

rest. Providing researchers and healthcare practitioners with this knowledge may help improve 

the detection and the assessment of interventions for the prevention of CVD in both healthy and 

at-risk populations.  

4.7 Limitations and Directions for Future Research 

It is important to note four significant limitations associated with this study. First, the 

majority of the ESRD patients (58%) in this study were on one or more hypertensive 

medications. Calcium-channel blockers can decrease arterial stiffness in individuals with 

hypertension (86-88) but β-blockers may not have an effect on arterial stiffness (88). The 

absolute values for PWV in the current study may therefore have been influenced by the types of 

anti-hypertensive agents being taken by the patients. 

Second, data collected from the ESRD patients occurred prior to HD.  However, a cyclic 

relationship has been posited between volume overload and PWV (89), with PWV values being 

higher prior to HD and decreasing by the end of dialysis (90). Therefore, PWV measures taken 

prior to HD may have resulted in inflated values compared to post-HD measures.  

Third, this study supports the use of the new PPG probe as a valid and reliable method for 

the determination of both peripheral and central PWV in individuals with ESRD while at rest. 

However, reliability of this method has not been determined for measures taken over a longer 

time period (e.g., different days) and under different conditions (e.g., pre- and post-HD; pre- and 

post-exercise).  
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Fourth, another limitation is the relatively small sample size (i.e., n=12). A sample size of 

50 or more with equal paired measures in each group is typically recommended for Bland-

Altman analyses (91). However, studies  have been published with a sample size of 14 

participants or fewer (84,92). For example, Rankin et al. (92)  tested the reliability of an 

assessment tool in rehabilitation (i.e., real-time ultrasound for measuring muscle size) in 10 

healthy young adults (5 males; age: 22 to 58 years). Employing Bland-Altman analyses they 

revealed the intra- and inter-rater reliability to be -0.98±1.25 cm
2
 and -0.63±1.08 cm

2
, 

respectively. In another study, Sutton-Tyrrell et al. (84) evaluated the reproducibility of central 

PWV measures taken by an experienced and inexperienced examiner in 14 elderly patients (8 

males; age: 73 to 82 years) with CVD. Employing Bland-Altman analyses they demonstrated the 

advantage of having an experienced examiner compared to an inexperienced examiner 

(5.94±5.51 m/s and 9.40±10.86 m/s, respectively), reflected in the smaller mean and standard 

deviation of the absolute value of the differences. In addition, they reported the intra-rater 

reproducibility (i.e., between visits variability 16.88±15.73 m/s) of the experienced examiner in 7 

participants who returned a week later. Moreover, the data in this study were well within the 

limits of agreement, supporting the conclusions of the study. Still, future studies should include a 

larger sample in order to add precision to the results and better test the validity of the findings. 

This is especially important since this study has suggested no discernable difference between 

methods. 
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Chapter 5 

ACUTE EFFECT OF AEROBIC EXERCISE ON ARTERIAL STIFFNESS IN YOUNG 

HEALTHY INDIVIDUALS 
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5.1 Abstract 

Objectives: Photoplethysmography (PPG) may be an attractive alternative to the reference 

method, applanation tonometry (AT), in determining arterial stiffness by pulse wave velocity 

(PWV). While PPG appears to be reliable for measurements conducted at rest, to date, no studies 

have comprehensively examined the validity of central and peripheral PWV measured with PPG 

when the CV system is challenged. The primary objective of this study was to evaluate the 

validity of central (i.e., carotid-femoral; cfPWV) and peripheral (i.e., carotid-radial; crPWV and 

femoral-dorsalis pedis; fdPWV) PWV determined by the new PPG method compared to the 

reference (AT) method in young healthy individuals before and after a single bout of stepwise 

aerobic exercise to volitional fatigue. There is also evidence to suggest that the vascular 

responses to exercise are dependent on the segment of the arterial tree examined. Accordingly, a 

secondary objective was to evaluate the differential acute influence that a bout of aerobic exercise 

has on central PWV, peripheral PWV in the exercising limb, and peripheral PWV in the non-

exercising limb, determined by the new PPG method.  

Methods: In this cross-sectional proof-of-concept study, measurements were taken from 7 young 

healthy individuals (4 females, age: 22.43.0 years). Pre- and immediately post-cycling exercise 

to volitional fatigue, blood pressure (BP), heart rate (HR) and central and peripheral (i.e., 

exercising and non-exercising limb) PWV using both the PPG and the reference (AT) method 

were measured.  

Results: At post-exercise, strong positive correlations were observed for cfPWV (r=0.768, 

p<0.05) and crPWV (r=0.833, p<0.05) and a very strong positive correlation was found for 

fdPWV (r=0.944, p<0.01) between the two methods (AT and PPG). Bland-Altman analyses 

revealed agreement between the two methods with a mean difference of 0.77±0.93 m/s for 
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cfPWV, 0.83±1.23 m/s for crPWV, and 0.19±0.25 m/s for fdPWV (i.e., AT vs. PPG). No 

differences were found between the pre- and post-exercise values for cfPWV or crPWV by PPG 

and AT; however, fdPWV decreased 21.4% when measured by PPG (8.60±1.49 to 6.76±1.10 

m/s, p<0.05) and 22.5% when measured by AT (8.96±1.53 to 6.94±1.08 m/s, p<0.05). 

Conclusions: Overall, the findings suggest the new PPG method is valid in the determination of 

both central and peripheral PWV of young healthy individuals following an acute bout of aerobic 

exercise to volitional fatigue. In addition, there was a significant reduction in the exercising limb 

PWV (fdPWV) by both methods (AT and PPG) post-exercise. 
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5.2 Introduction 

Cardiovascular (CV) disease is a leading cause of morbidity and mortality worldwide (1). 

Arterial stiffness is considered a major contributor to the occurrence and progression of CV 

disease (2) and the ability to measure arterial stiffness easily and accurately could, therefore, be 

important in the detection, prevention and treatment of CV disease.  

Pulse wave velocity (PWV) is recognized as a valid and reliable method of estimating 

arterial stiffness (3). PWV is defined as the speed at which a pulse wave travels between two 

segments of the arterial tree (4). The stiffer the arterial wall, the faster the pulse wave travels, 

resulting in a higher PWV value and elevated CV risk (3). For the assessment of central arterial 

stiffness the typical sites of measurement are the common carotid and femoral (cfPWV) arteries 

(4-8) and for peripheral arterial stiffness the arteries of choice are typically the common carotid 

and radial (crPWV) for upper limb PWV and femoral and dorsalis pedis (fdPWV) for lower limb 

PWV (4,9-11).  

While a number of non-invasive tools are available for measuring PWV, applanation 

tonometry (AT) is considered the reference method (12,13). AT involves the use of a pencil-like 

pressure transducer used to partially compress a superficial artery between the probe and the 

underlying structures (e.g., bone and tendons), and permit the recording of “pressure” pulse 

waveforms (14,15). Although PWV by AT has proven to be a valid and reliable method (13,16) it 

requires a relatively high level of technical expertise and training to obtain accurate and reliable 

data (15,17,18). Furthermore, the acquisition of pressure waveforms using AT can become quite 

time-consuming as the operator searches for an optimal placement of the probe over the artery 

(18,19). The use of AT probes may also be financially prohibitive (20,21) and the simultaneous 

acquisition of AT signals from several measurement sites requires multiple operators, thereby 

increasing the possibility of inter-operator error (18,19,21). 
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These limitations have led researchers to consider photoplethysmography (PPG) probes as 

a potential alternative in the measurement of PWV. PPG probes are small infrared (IR) 

photoelectric sensors, comprised of an IR light source and a photodetector (22,23). These probes 

emit an IR light that passes into the skin and is reflected, scattered and absorbed by dermal tissue, 

by vascular tissue, and by blood (23). With each heartbeat, as the wave of dilation passes the 

probe, the “volume” of blood (a strong absorber compared to skin) in its vicinity increases and 

the amplitude of the detected signal falls. The intensity of the signal is then represented as a 

volume pulse waveform (23-25).  

Unlike the pencil-like AT probe, the new PPG probe (i.e., model number: MLT1020PPG, 

ADInstruments, Colorado Springs, USA) that became available for use in 2009, is small and has 

a flat surface, allowing it to be held against the skin with a modified adjustable elastic Velcro 

band (26). This design development means less manual operation is required during data 

collection, potentially reducing measurement error (24) and permitting a single operator to record 

waveforms from several arterial sites simultaneously (e.g., carotid, radial, and femoral). The PPG 

probe is also more financially feasible, approximately 20 times less expensive than the AT probe 

($250 vs. $5,000 US dollars, respectively) (21,27). Overall, these advantages suggest that the 

PPG probe may be a more useful, easier, cost-effective, and practical tool for the determination 

of PWV than AT; however, the association of PWV by PPG with or validation against the 

reference (AT) method is required.  

While previous studies have demonstrated the PPG probe‟s efficiency, these studies were 

generally limited to measurements in the finger, ear or toe (15,26,28-30). Few studies have 

examined the validity of PWV by PPG in healthy individuals using measurement sites 

comparable to those used with the AT probe (15,23,31) and it is difficult to draw general 

conclusions from these previous studies because their methodologies differed significantly (e.g., 



 

169 
 

direct vs. indirect arterial stiffness measures, comparison from different arterial sites). Earlier 

experiments in the laboratory demonstrated the new PPG probe to be a valid method for the 

determination of peripheral arterial stiffness (i.e., crPWV) in 20 healthy individuals at rest, and in 

the determination of peripheral (i.e., crPWV) and central (i.e., cfPWV) arterial stiffness in 12 

end-stage renal disease (ESRD) patients prior to hemodialysis (HD).  

To date, no studies have comprehensively examined the validity of central and peripheral 

PWV with the new PPG probe when the CV system is stressed. There is evidence to suggest that 

a single bout of aerobic exercise can stimulate acute changes in arterial stiffness determined by 

PWV measured with AT (11,32-42). More specifically, studies with graded aerobic exercise (i.e., 

cycling or treadmill) to exhaustion have shown no change in central or peripheral PWV by AT in 

the non-exercising limb (i.e., crPWV) (11,34), but revealed a significant reduction in peripheral 

PWV by AT in the exercising limb [i.e., fdPWV, thigh-ankle PWV (taPWV), and femoral-tibial 

PWV (ftPWV)] (11,32-34). The mechanisms responsible for the reduction in arterial stiffness in 

the exercising limb are not yet fully understood. However, there is evidence to suggest that the 

shear stress-induced release of endothelially derived nitric oxide (NO), a known vasodilator, may 

play a key role in the blood flow response to exercise (43,44) and in the regulation of arterial 

mechanics, at least in the periphery (45).  

This study addresses the influence of an acute bout of aerobic exercise on central and 

peripheral arterial stiffness in both the exercising and non-exercising limb using the new PPG 

probe in a non-clinical population, in order to lay the foundation for future clinical studies. 

Accordingly, the primary objective of this study was to evaluate the validity of central and 

peripheral PWV determined by the new PPG method compared to the reference (AT) method in 

young healthy individuals who performed an acute bout of stepwise aerobic exercise to volitional 

fatigue. It was hypothesized that the new PPG method would be a valid method for determining 
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central PWV and peripheral PWV in both the exercising and non-exercising limb. A secondary 

objective was to further evaluate the influence that an acute bout of aerobic exercise had on 

central PWV and peripheral PWV in both the exercising and non-exercising limb, as determined 

by both the new PPG method and the reference (AT) method. It was hypothesized that, following 

an acute bout of aerobic exercise to volitional fatigue, there would be no change in central PWV 

(i.e. cfPWV) or peripheral PWV in the non-exercising limb (i.e., crPWV), but that there would be 

a significant decrease in peripheral PWV in the exercising limb PWV (i.e., fdPWV) using either 

the PPG or AT method.  

Although this dissertation is primarily concerned with clinical populations, these groups 

experience elevated CV risk, and may therefore be put at risk by acute bouts of exercise. By 

clarifying the influence of exercise in healthy individuals, this study helps future researchers to 

better understand these risks, thus facilitating the design of safe, ethical studies with at-risk 

populations. 

5.3 Material and Methods 

5.3.1 Participants 

 In this cross-sectional proof-of-concept study (i.e., agreement of the AT and PPG by 

PWV assessment post-exercise), a convenience sample of 7 young, healthy individuals was 

recruited from Kingston and the surrounding area. These study participants were readily available 

to recruit and had fewer health concerns compared with older ESRD patients. To be eligible, 

participants had to (a) be 18 to 30 years of age, (b) have no history of CV, respiratory, 

musculoskeletal, or metabolic conditions, (c) not be suffering from any injuries or other ailments, 

(d) be on no medication, (e) be deemed safe to perform the physical activity by giving “no” 

responses to all the questions of the Physical Activity Readiness Questionnaire (PAR-Q; 

Appendix C), and (f) be cognitively able to provide informed consent. Experimental procedures 
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and potential risks were fully explained to all participants prior to data collection. All participants 

provided verbal and written informed consent (Appendix A). This study was approved by the 

Queen‟s University Health Sciences Research Ethics Board (REB#463-10; Appendix B).  

 The purpose of this cross-sectional proof-of-concept preliminary study, involving 7 

healthy individuals, was to lay the foundation for future clinical studies that will be carried out 

employing a larger sample of both older ESRD patients and age- and gender-matched healthy 

elderly individuals. A proposal for this larger follow-up study has already been prepared, but it 

was important to first establish proof-of-concept and acquire baseline measurements in healthy 

individuals with low CV risks. Ultimately, this preliminary study may demonstrate the feasibility 

of the proposed protocol for at-risk populations.  

5.3.2 Study Protocol 

All participants self-reported avoiding any strenuous exercise and alcohol for at least 48 

hours prior to the investigation. In addition, they refrained from smoking, consuming caffeine 

(coffee, tea, energy drinks, etc.) and eating or drinking anything 4 hours prior to testing. 

Following informed consent, demographic data were collected, followed by anthropometric 

measurements. Participants then rested in the supine position while they were connected to a 3-

lead electrocardiogram (ECG). PPG probes were then secured with modified adjustable Velcro 

elastic bands to the 4 arterial sites of interest, all on the left side of the body. Following 10 

minutes of supine rest in a quiet climate-controlled (23 to 25
0
C) room blood pressure (BP) and 

heart rate (HR) were measured followed by the acquisition of central and peripheral (i.e., 

exercised and non-exercising limb) pulse waveforms with the AT and PPG probe(s) 

simultaneously taking measures from each arterial site (i.e., common carotid then radial then 

common femoral then dorsalis pedis, in this order). Participants then performed the exercise 

protocol with BP, HR, rating of perceived exertion (RPE) and workload being monitored and 
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recorded prior to, during, and immediately after exercise. Upon the completion of the exercise 

protocol, participants immediately returned to the supine resting position. Previous research has 

shown a nadir in the reduction of lower-limb PWV (i.e., fdPWV, ftPWV, and taPWV) to occur 

approximately 10 minutes after maximal aerobic exercise (11,32,33). Accordingly, the same pre-

exercise measures (i.e., BP, HR, and PWV) were repeated at 10 minutes post-exercise, in the 

same order.  

5.3.3 Outcome Measures 

5.3.3.1 Demographic Information and Anthropometric Measurements 

All participants completed a demographic questionnaire that included their age, gender, 

medication history, exercise history, and smoking history. Standing body height was determined 

to the nearest 1.0 centimeter (cm) using a wall-mounted measuring tape and body weight to the 

nearest 0.1 kilogram (kg) using a stand-on digital weight scale (i.e., Scale-Tronix). Body mass 

index (BMI) was calculated as weight divided by height squared (kg/m²).  

5.3.3.2 Heart Rate 

Resting and recovery HR were continuously recorded with a 3-lead ECG interfaced with 

the PWV data acquisition system (described below). Prior to exercise, age-predicted maximum 

heart rate (HRmax) was calculated (i.e., 220 minus age) as the criterion for achieving maximal 

exertion and as a clinical guide for the duration of exercise testing (46). During exercise, HR was 

displayed continuously on a Monark Ergometer 828E screen via a chest telemetry heart rate 

monitor (Polar® Electro Inc., Woodbury NY, USA). 

5.3.3.3 Blood Pressure 

Resting brachial blood pressure (BP) was determined at heart level from the left arm 

using the auscultation technique according to the Hypertension Canada Guidelines (47). Phase I 

and V of Korotkoff sounds were taken as systolic blood pressure (SBP) and diastolic blood 
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pressure (DBP), respectively (47,48). Pulse pressure (PP) was determined as the difference 

between SBP and DBP.   

5.3.3.4 Pulse Wave Velocity (PWV) 

5.3.3.4.1 Instrumentation (AT and PPG) and Data Acquisition 

All PWV measures were determined by the AT and PPG probe(s) from the left side of the 

body during supine rest. AT (model SPT-301 probe, Millar Instruments Inc., Texas, USA) was 

performed using a hand-held, pencil sized probe with a high-fidelity micromanometer at its tip. 

The AT probe was positioned over the arterial site of interest at the point of greatest pulsation. 

Each artery was applanated against the underlying tissues, causing the intra-arterial pulse 

pressure to be transmitted through the arterial wall and into the probe (49). PPG was performed 

using a small flat-headed square IR optical transducer [emitting a wavelength of approximately 

950 nanometer (nm)] (27). The PPG probe was secured over the respective arteries using 

modified adjustable elastic Velcro bands taking care not to restrict the flow of blood (e.g., venous 

congestion). This technique allowed for one operator to simultaneous record AT and PPG 

measurements from the same arterial site, with each probe located directly side-by-side. The AT 

and PPG recording sites were marked to assist with consistent AT and PPG probe(s) placement 

pre- and post-exercise.  

The AT and PPG probe(s) were both connected to an analogue-to-digital converter. Data 

acquisition was performed using a PowerLab 8/30 (ML870, ADInstruments Corporation, 

Sydney, Australia) and the companion software LabChart (version 7.2, ADInstruments). For all 

participants, data were acquired simultaneously for the AT and PPG probes for approximately 30 

seconds from each arterial site (i.e., common carotid then radial then common femoral then 

dorsalis pedis, in this order) at a sampling frequency of 200 Hz. Readings were digitalized and 

displayed on a computer monitor in real time. This process allowed for a minimum of 10 high 
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quality sequential pulse waveforms to be generated from which an averaged waveform could be 

calculated. Non-physiological variations were removed from the AT and PPG signals using a 

low-pass digital filter (5 Hz). Then, a band-pass filter with the low and high cut-off frequencies 

set at 5 and 30, respectively, was utilized to identify the foot of the waveforms (50). As a 

reference, a simultaneously recorded ECG was acquired to determine the start (i.e., foot) of the 

pulse waveform. The R wave "peak" from the simultaneously recorded ECG was used as a 

timing marker. As such, PTT was determined as the difference between the R wave "peak" 

attained from the ECG and the "foot" of each arterial wave. The ECG signal was recorded with a 

low-pass filter with a cut-off frequency of 50 Hz. To minimize short-term influences on arterial 

stiffness measures, participants were asked to lie as still as possible and to refrain from speaking 

or responding to visual or auditory distractions during data collection. 

5.3.3.4.2 Calculation of Distance, Pulse Transit Time and Pulse Wave Velocity 

PWV was calculated as the distance (∆ distance, meters) traveled by the pulse between 

two arterial recording sites (i.e., carotid-radial, carotid-femoral, and femoral-dorsalis pedis) 

divided by pulse transit time (PTT), according to the formula: PWV (meters/second) = ∆ distance 

(meters)/PTT (seconds) (3,51,52). The distance travelled by the pulse wave for each probe (i.e., 

AT and PPG) were measured over the body surface using a non-elastic measuring tape after each 

reading to account for participant movement. For crPWV (i.e., non-exercising limb), distance was 

calculated as the distance from the carotid site to the supra-sternal notch, subtracted from the 

distance between the supra-sternal notch and the radial site. Similarly, central PWV distance was 

determined from the carotid location to the supra-sternal notch subtracted from the distance 

between the supra-sternal notch and the femoral arterial site (31). For fdPWV (i.e., exercising 

limb) distance was calculated from the femoral site "straight" to the dorsalis pedis site.  
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5.3.3.4.3 Quality Control 

Real-time display and continuous auto-scaling of the pulse waveforms allowed for fine 

adjustments to the positioning of the probes for optimal signal acquisition. For quality control, 

visually acceptable pulse waveforms and a mean pulse height above 80mV were required for data 

analysis (53), with poor signal acquisition and ectopic beats excluded from the calculations. A 

standard deviation of less than 10% of the mean value was accepted. Upon completion of testing, 

all data were stored and analyzed off-line, using a customized software program (i.e., LabChart 

v7.2). To avoid inter-operator error, a single experienced investigator (R.R.) performed all data 

collection.  

5.3.3.5 Rating of Perceived Exertion (RPE) 

The Borg‟s RPE scale is a subjective scale that was used to assess exercise intensity 

(Appendix D). It is based on a 15-point visual analog scale (VAS) that begins at 6 (i.e., no 

exertion at all) and ends at 20 (i.e., maximal exertion) (54). A RPE score of ≥17 was considered 

an indication that the participant had reached their maximal volitional fatigue.  

5.3.3.6 Exercise Protocol 

An acute bout of stepwise aerobic exercise to volitional fatigue was performed on a 

mechanically braked cycle ergometer (i.e., Monark 828E Ergometer Trainer, Vansbro, Sweden). 

Prior to the exercise protocol, the zero-load setting on the ergometer was checked with 

calibrations performed with a 4 kilogram (kg) weight, and the height of the seat and the position 

of the handlebars were adjusted for each participant. All participants were familiarized with the 

exercise equipment prior to use and were instructed not to grip their hands on the handlebars, to 

reduce the contribution of arm muscle contractions. Timing began at the start of the exercise 

protocol, with all participants cycling against “zero” resistance, until a pedal cadence of 50 
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revolutions per minute (rpm) was reached (~2 minutes) and maintained. The initial workload and 

increments were set according to the participant‟s gender. A pre-selected workload of 300 

kgm/min or 600 kgm/min for females based on their reported actual physical activity level and 

600 kgm/min for males was employed (55,56). Workload was increased successively every 3 

minutes at 150 kgm/min and 300 kgm/min for females and males, respectively. They also rated 

how they were feeling at each workload on the RPE scale. To assist participants with maintaining 

a constant pedal rate of 50 rpm during exercise they pedaled to the beat of a metronome set to 50 

beats per minute (bpm) and were able to view their rpm value on the ergometer display. 

Participants were considered to have achieved their maximal volitional fatigue when they either 

reached a RPE score of ≥17 and/or their calculated HRmax. During the recovery phase, the 

ergometer was set to “zero” resistance and the participant continued cycling for an additional 2 

minutes. As a safety precaution, exercise was terminated immediately if any of the participants 

reported or displayed severe dyspnea, if there was a severe drop in HR, if they experienced chest 

pain, central nervous system symptoms (e.g., ataxia, dizziness, or near syncope), or if SBP 

decreased greater than 20 mmHg, if SBP raised above 250 mmHg, if DBP raised above 120 

mmHg, or if they showed signs of poor perfusion (e.g., cyanosis or pallor) (57,58). All 

participants completed the exercise protocol without incident.  

5.3.4 Statistical Analysis 

 All data were checked for normality using the Shapiro-Wilk goodness-of-fit test with no 

deviations detected. Descriptive data were reported as mean±SD. Differences between the mean 

values for pre- and post-exercise were determined using a paired t-test for HR, BP, and PWV by 

PPG and AT for the central (cfPWV) and peripheral [crPWV (non-exercising limb) and fdPWV 

(exercising limb)] arterial sites. The correlation between the post-exercise values for PWV using 

the AT and PPG method was determined using the Pearson Product-Moment analysis and 
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presented in scatter plots. Bland-Altman analyses were used to determine the extent of agreement 

of the two PWV methods (59). All statistical analyses were performed using MedCalc® (i.e., 

version 12.2, Belgium) and IBM SPSS Statistics (i.e., version 20.0, Chicago, IL, USA), with 

significance accepted at p<0.05. 

5.4 Results 

5.4.1 Demographic Characteristics  

Demographic data are summarized in Table 5.1. The 7 healthy young individuals (age: 

22.43.0 years) were all non-smokers with females representing 57% of the population. All 

participants were recreationally active (i.e., no more than 2 days of exercise per week). The 

average height was 170.38.1 cm and the average weight was 67.46.6 kg, resulting in an 

average BMI of 23.2±2.2 kg/m
2
 (pre-exercise). None of the participants were on medication or 

taking vitamin, mineral, or herbal supplements. 

Table 5.1 Demographic characteristics of healthy young individuals 

 

Characteristics 
  Healthy 

    (n=7) 

Age (years)   22.43.0  

Female    4 (57%) 

Smoker    0 (0%) 

Height (cm) 170.38.1 

Weight (kg)    67.46.6 

Body mass index (kg/m
2
)   23.22.2 

 

Values are expressed as mean±SD or n (%) 

5.4.2 Degree of Agreeability between the Different PWV Methods (AT and PPG) Post-

Exercise  

Scatter plots and corresponding Bland-Altman plots of the PWV values of post-exercise 

data for each PWV measurement tool (AT and PPG) taken from the carotid-femoral, carotid-

radial and femoral-dorsalis pedis arterial sites are shown in Figure 5.1a, b, and c, respectively. 
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For central PWV, there was a strong and positive correlation between AT and PPG (r=0.768, 

p<0.05). The Bland-Altman plot revealed a mean difference of 0.77±0.93 m/s, with AT values 

being higher than those obtained with PPG. All values for the difference between AT and PPG 

measures were within 2 SD (+1.70 to -0.15 m/s) of the mean difference.   
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Figure 5.1a Scatter plot and corresponding Bland-Altman plot for carotid-femoral PWV (cfPWV) measurements by applanation 

tonometry (AT) and photopleysmography (PPG) post-exercise  

Left Panel: Relationship between AT and PPG measurements of cfPWV post-exercise  

Right Panel: Bland-Altman plot for cfPWV measures using the AT and PPG methods post-exercise. The difference between cfPWV 

values using the two methods is plotted on the y-axis and the average of the cfPWV values using the two methods is plotted on the x-

axis 
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Figure 5.1b Scatter plot and corresponding Bland-Altman plot for carotid-radial PWV (crPWV) measurements by applanation 

tonometry (AT) and photopleysmography (PPG) post-exercise  

Left Panel: Relationship between AT and PPG measurements of crPWV post-exercise  

Right Panel: Bland-Altman plot for crPWV measures using the AT and PPG methods post-exercise. The difference between crPWV 

values using the two methods is plotted on the y-axis and the average of the crPWV values using the two methods is plotted on the x-

axis 

 

 

 

 

 
 

 

 

 

 

 

 

 
 

 

4.5 5.0 5.5 6.0 6.5 7.0 7.5 8.0 8.5

-1.0

-0.5

0.0

0.5

1.0

1.5

2.0

2.5

Mean

0.83

-1.96 SD

-0.40

+1.96 SD

2.05

 c
rP

W
V

P
P

G
 (

m
/s

) 

 crPWVAT (m/s) 

r=0.833 

p<0.05 

(crPWVAT + crPWVPPG)/2 (m/s) 

 c
rP

W
V

A
T
 –

 c
rP

W
V

P
P

G
 (

m
/s

) 



 

181 
 

 

 

 

 

 

 

 

 

 

 

 

Figure 5.1c Scatter plot and corresponding Bland-Altman plot for femoral-dorsalis pedis PWV (fdPWV) measurements by 

applanation tonometry (AT) and photopleysmography (PPG) post-exercise  

Left Panel: Relationship between AT and PPG measurements of fdPWV post-exercise  

Right Panel: Bland-Altman plot for fdPWV measures using the AT and PPG methods post-exercise. The difference between fdPWV 

values using the two methods is plotted on the y-axis and the average of the fdPWV values using the two methods is plotted on the x-

axis 
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Similarly for the carotid-radial arterial site, there was a strong and positive correlation 

between AT and PPG (r=0.833, p<0.05). A Bland-Altman plot showed that the mean difference 

in crPWV of 0.83±1.23 m/s, with AT values being greater than those obtained with PPG. All 

values for the difference between AT and PPG measures were within 2 SD (+2.05 to -0.40 m/s) 

of the mean difference.  

For the femoral-dorsalis pedis arterial site, there was a very strong and positive 

correlation between AT and PPG (r=0.944, p<0.01). A Bland-Altman plot showed that the mean 

difference of 0.19±0.25 m/s, with AT values being greater than those obtained with PPG. All 

values for the difference between AT and PPG measures were within 2 SD (+0.45 to -0.06 m/s) 

of the mean difference.  

5.4.3 Influence of Exercise on PWV Measures  

The pre-exercise and 10 minutes post-exercise mean±SD values for BP (i.e., SBP, DBP, 

and PP), HR, and PWV (i.e., cfPWV, crPWV, and fdPWV) measures are listed in Table 5.2. 

There were no mean differences between pre- and post-exercise for any of the BP values, or for 

cfPWV and crPWV measured by either method (i.e., AT and PPG); however, post-exercise HR 

increased 7.8% [67.6±7.8 to 73.3±9.4 bpm, p<0.05], and fdPWV decreased 22.5% when 

measured by AT [8.96±1.53 to 6.94±1.08 meters/second (m/s), p<0.05] and 21.4% when 

measured by PPG (8.60±1.49 to 6.76±1.10 m/s, p<0.05).  
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Table 5.2 Pre- and post-exercise blood pressure, heart rate, and pulse wave velocity values 
 

 

Measures 

 

Pre-exercise 

(n=7) 
Post-exercise 

(n=7) 
 

Heart Rate (bpm) 
     

67.6±7.8 
     

73.3±9.4* 

Brachial Blood Pressures (mmHg)   

     SBP   111.9±5.3   115.3±7.2 

     DBP     60.7±3.0     62.0±2.8 

     PP     51.1±6.0     54.1±5.3 

Carotid-femoral PWV (m/s)   

      AT     6.16±0.44      6.13±0.44 

      PPG     5.39±0.78      5.36±0.72 

Carotid-radial PWV (m/s)   

      AT     6.70±0.84      6.66±0.88 

      PPG     5.89±1.22      5.84±1.12 

Femoral-dorsalis pedis PWV (m/s)   

      AT     8.96±1.53      6.94±1.08* 

      PPG     8.60±1.49      6.76±1.10* 

 

 

Abbreviations: AT=applanation tonometry; DBP=diastolic blood pressure; PP=pulse pressure; 

PPG=photoplethysmography; PWV=pulse wave velocity; SBP=systolic blood pressure. All 

values are presented as meanSD. *p<0.05 difference from pre-exercise 

 

5.5 Discussion 

To this author's knowledge, this is the first study to examine the validity of central and 

peripheral (in the non-exercising limb and exercising limb) PWV determined by the new PPG 

probe compared to the reference (AT) method, in young healthy individuals immediately 

following a bout of stepwise aerobic cycling exercise to volitional fatigue. As hypothesized, the 

new PPG method was a valid method for determining central PWV and peripheral PWV in the 

exercising and non-exercising limb in young healthy individuals 10 minutes post-exercise. As 

expected fdPWV values decreased post-exercise regardless of the measurement method, while 

PWV measured at other sites were unchanged. Overall, the findings suggest that PPG is a valid 

tool for the determination of PWV in healthy individuals following a bout of aerobic exercise to 

volitional fatigue and that arterial stiffness is reduced in the exercising limb post-exercise.  
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5.5.1 Degree of Agreeability between the Different PWV Methods (AT and PPG) Post-

Exercise 

This study is the first to compare the AT and PPG method at the carotid-femoral, carotid-

radial, and femoral-dorsalis pedis arterial sites in young healthy individuals post-exercise. For all 

3 measurement sites strong positive correlations and minimal differences were found and 

generally, AT values were higher than PPG values.  

Mathias et al. (31) examined the agreement between these two methods at the peripheral 

(i.e., carotid-radial) arterial site, 10 minutes apart during supine rest in 26 healthy individuals (14 

males, age range: 18 to 40 years). They reported a mean difference in crPWV of 0.98±1.57 m/s, 

with all but 2 values falling within 2 SD (+2.55 to -0.59). Again, AT values were higher than 

PPG values. Their values revealed a similar bias and variability between the two methods to the 

current findings for crPWV, suggesting there was no difference between the two methods for 

crPWV (i.e., non-exercising limb) measures during rest and post-exercise.  

Interestingly, fdPWV (i.e., exercising limb) values obtained with the two methods (AT 

and PPG) appeared to have a greater level of agreement than the cfPWV and crPWV (i.e., non-

exercising limb) values. This may be attributed to the influence of the aerobic exercise resulting 

in a significant reduction of arterial stiffness of the exercising limb (i.e., fdPWV). Although some 

previous studies show a reduction in arterial stiffness of the exercising limb following graded 

aerobic exercise to exhaustion, the mechanisms responsible are not known (11,32-34). In 

addition, unlike fdPWV, both cfPWV and crPWV require measures taken from the carotid 

arterial site which may be problematic because of the underlying structure not being rigid (e.g., 

tendons and muscle vs. bone) (60). All three arterial PWV values (i.e., carotid-femoral, carotid-

radial, and femoral-dorsalis pedis) were consistent in that the AT values were slightly higher than 

the PPG values. This may be attributed to the fact that the AT method is recording “pressure” 
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pulse waveforms (14,15) and the PPG method is recording “blood volume” changes to generate a 

representative pulse waveform (23,25). Pressure waveforms precede and stimulate volume 

waveforms throughout the network of arteries (61) that may account for the recorded difference 

in timing between the AT and PPG pulse waveform. Similarly, Mathias et al. (31) reported 

crPWV values obtained by the AT method to be higher than those obtained with the new PPG 

method in healthy individuals. This is the first study to report AT values in healthy individuals to 

be consistently higher than PPG values for central PWV and fdPWV. Caution should be used in 

future research as PPG measures may provide a consistently slightly lower arterial stiffness value 

compared to the AT method in healthy individuals.  

5.5.2 Influence of Exercise on PWV Measures 

In the current study no change in central or non-exercising limb PWV was found when 

measured with either AT or PPG in young healthy individuals who performed aerobic cycling 

exercise to volitional fatigue. These findings are in agreement with previous work (34). 

Exercising limb PWV determined by both methods (PPG and AT), were reduced by 21.4% and 

22.5%, respectively post-exercise, while others have reported a significant reduction ranging 

from 12.5% to 24.4% in the exercising lower limb PWV determined by the AT or the 

oscillometry method (11,32-34). These new findings suggest that the peripheral PWV measures 

of the exercising limb are affected more strongly than central PWV and the peripheral PWV of 

the non-exercising limb (i.e., crPWV).  

5.6 Limitations and Directions for Future Research 

The present study has extended the knowledge of previous reports that the new PPG 

method is valid in the determination of both central and peripheral PWV (i.e., carotid-radial and 

femoral-dorsalis pedis) of young healthy individuals following an acute bout of aerobic exercise 

to volitional fatigue. However, it is important to be cautious of these results as this study was 
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limited by its use of a relatively small convenience sample not representative of the whole 

population. It is suggested that studies should include a much larger sample size and extend the 

range of the population (e.g., individuals at CV risk, older individuals, etc.) to strengthen the 

research design for this promising new modality. In addition, previous research has shown a nadir 

in reduction of lower-limb PWV (i.e., femoral-dorsalis pedis) to occur approximately 10 minutes 

after maximal aerobic exercise (11,32,33), hence the rationale for measures at this time point in 

the current study. However, it may be beneficial to have additional time points in the recovery 

phase of future studies to capture the dissipation of the reduction of arterial stiffness immediately 

post-exercise, and to assess the responsiveness of the new PPG method. There is also evidence to 

suggest PWV may respond differently to a bout of aerobic exercise performed at moderate 

aerobic intensity (37,38,41) versus resistance exercise (41,62,63). Therefore, future studies 

should consider comparing different intensities and different types of exercise. In addition, there 

is evidence to suggest that exercise routines must be continually intensified in order to produce 

their full benefits, as the body continually adapts to the existing exercise regime; known as the 

overload principle (64). Overload can be achieved through increased duration, intensity, or both. 

Future studies should consider which types of overload are most appropriate to at-risk 

populations, and which are most conducive to long-term decreases arterial stiffness while 

balancing acute exercise related risk. Furthermore, future investigations are needed to identify the 

exact mechanisms underlying the reduction in arterial stiffness. 

5.7 Conclusions 

This study has advanced the current state of knowledge by determining that the new PPG 

probe is a valid method for the determination of central (cfPWV) and peripheral (crPWV and 

fdPWV) PWV measures in young healthy individuals acutely following a bout of stepwise 

aerobic exercise to volitional fatigue. Since PPG offers several advantages compared to the 
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reference (AT) method, it may be beneficial for routine clinical use in the assessment of arterial 

stiffness. Overall, this study validates the use of PWV by PPG that someday may help 

professionals (e.g., practitioners and researchers) to measure arterial stiffness more effectively.  

This study also confirmed previous reports of no change in central PWV or peripheral 

PWV in the non-exercising limb acutely following a bout of maximal aerobic exercise. There 

was, however, a significant decrease in peripheral PWV (i.e., fdPWV) in the exercising limb.  

Ultimately, these acute changes and the mechanisms that cause them might be employed 

in a clinical setting to help address arterial stiffness over the long term. For example, one study 

reported that low-intensity intradialytic exercise programs could improve HD efficacy and 

physical function in ESRD patients (65). There is also other evidence showing that regular, long-

term exercise decreases arterial stiffness in both healthy and ESRD patients (66-68). 

Understanding these acute changes helps us understand these and other potential interventions. 
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 Chapter 6 

GENERAL DISCUSSION AND FUTURE PERSPECTIVES 
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6.1 Thesis Overview  

Cardiovascular disease (CVD) is a leading cause of morbidity and mortality in both the 

general (1,2) and in the at-risk populations (3,4). Arterial stiffness is a major contributor to the 

occurrence and progression of CVD (5). The ability to measure arterial stiffness accurately and 

easily is therefore important in the detection and prevention of CVD. However, a lack of 

knowledge complicates the assessment of arterial stiffness. First, applanation tonometry (AT) is 

considered the reference method for determining arterial stiffness (6,7); however, AT has been 

reported to have several limitations and practical problems (8-10). Photopleysmography (PPG) 

has been gaining attention as a potential alternative to AT in the determination of arterial 

stiffness, but its validity and reliability need to be more definitively established. To date, research 

has been scarce for this promising modality, in terms of its association with, or validation against, 

the reference (AT) method. Second, there is conflicting evidence as to whether peripheral 

measurements of arterial stiffness provide accurate surrogates for central measures.  

Accordingly, the primary objectives of this dissertation were: a) to aid in establishing the 

validity and/or reliability of pulse wave velocity (PWV) assessed using the new PPG method 

compared to the reference (AT) method (Study 2 and Study 3), and b) to provide further insight 

regarding whether peripheral PWV by PPG is in fact a valid surrogate measure of central PWV 

by PPG (Study 2). Addressing these questions would help practitioners to measure arterial 

stiffness more effectively. 

There are also many poorly understood factors that can affect the interpretation of arterial 

stiffness measurements. As such, this dissertation also addresses: c) the influence of hemodialysis 

(HD) on arterial stiffness measurements (Study 1) and d) the influence of an acute bout of aerobic 

exercise on arterial stiffness measurements (Study 3). Ultimately, this knowledge may help 

researchers to interpret the measurement of arterial stiffness more accurately. Thus, taken 
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together, the findings of this dissertation will help healthcare practitioners to measure arterial 

stiffness more effectively and to interpret these measurements more accurately, ultimately 

helping them to detect, assess and prevent CVD in healthy and at-risk populations alike.  

6.2 Validity and Reliability of Pulse Wave Velocity employing Photoplethysmography  

The results presented in Chapters 4 and 5 (Study 2 and Study 3, respectively) revealed 

PPG to be a valid and/or reliable method of PWV determination in both peripheral and central 

arterial stiffness compared to the reference (AT) method.  

Study 2 was the first study to reveal the new PPG method to be a valid and reliable 

method for the determination of both central (carotid-femoral; cfPWV) and peripheral (carotid-

radial; crPWV) PWV in individuals with end-stage renal disease (ESRD) prior to HD, while at 

rest. Study 3 established the validity of PPG in comparison to the reference (AT) method for the 

measurement of PWV in young healthy individuals following aerobic exercise. Study 3 supports 

the validity of PWV by PPG for central measurements (cfPWV), peripheral measurements of the 

non-exercising limb (crPWV) and peripheral measurements in the exercising limb (femoral-

dorsalis pedis PWV; fdPWV), in young healthy individuals acutely following a bout of aerobic 

exercise (i.e., cyclic ergometer) to volitional fatigue.  

Overall, these findings suggest that PPG is a valid and reliable tool for the determination 

of PWV in both healthy and at-risk populations. 

6.3 Peripheral Measurements as a Surrogate of Central Measurements  

Peripheral arterial stiffness measures have received some attention as a potential surrogate 

for the more technically difficult to obtain central arterial stiffness measures (11). However, the 

results from Study 2 suggest that peripheral PWV (i.e., crPWV) measures were not a surrogate of 

central PWV measures using either the PPG or AT method of ESRD patients, while at rest. This 

finding is supported by literature suggesting that the composition of arteries varies throughout the 
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arterial tree. Peripheral arteries, which are located further away from the heart, are smaller in 

diameter, have a thicker smooth muscle layer, and most importantly, have lower elastin tissue 

(12-14). As a result, they are generally stiffer than central arteries, even in healthy individuals 

(14). Overall, these findings suggest that peripheral PWV cannot be used as a surrogate for the 

clinical standard central PWV measure, using either PPG or AT. To this author's knowledge, this 

is the first study to investigate this matter using the new PPG probe. 

6.4 The Influence of Hemodialysis on Arterial Stiffness  

Many at-risk populations, like ESRD patients, experience a constellation of poor health 

outcomes, often requiring HD. There is evidence to suggest that HD can help to acutely lower 

arterial stiffness, however, this is not well understood (15-18). Chapter 3 (Study 1), measured 

arterial stiffness pre-HD, during HD and post-HD. The results from this study revealed ESRD 

patients to have higher pre-HD arterial stiffness values than healthy individuals, in agreement 

with Vuurmans et al. (15). This difference appeared to dissipate following dialysis (i.e., post-

HD), but reappeared by the next measurement HD session. This suggests that HD may exert a 

temporary normalizing effect on arterial stiffness in ESRD patients, but that this effect is short 

lived. In addition, this study confirmed previous reports of stability over the dialysis week in 

baseline arterial stiffness (i.e., augmentation index; AIx) measures in ESRD patients, suggesting 

future research could be based on AIx values obtained prior to HD on any given day during the 

weekly HD treatment plan. 

Study 1 also enhanced previous knowledge on the intradialytic time-course changes in 

AIx. The results revealed a rapid initial decrease in AIx during HD, with this decrease occurring 

primarily during the first hour of HD, with a significant decrease also found by10-minutes HD; 

earlier than that reported by Mardare et al. (17). This more detailed information could help to 



 

198 
 

affect future treatment plans, allowing practitioners to time their interventions to maximize their 

clinical effects, and allowing them to better leverage the effects of HD itself. 

 This study also established for the first time that different dialyzers may influence time-

course changes, and therefore effect the interpretation of results. The HD machine used in the 

current study utilized a high flux membrane dialyzer (i.e., Fresenius Optiflux F200NR) whereas 

Mardare et al. (17) employed low flux membrane dialyzers (i.e., Fresenius F8 or F10). Compared 

to a low flux dialyzer, a high flux dialyzer offers a more permeable membrane that allows for 

faster removal of fluid and more efficient clearance of small and middle-sized molecules (19); 

therefore the finding of a faster time-course in reduction of arterial stiffness may be attributable 

to the HD method used. This difference suggests that the type of dialyzer used should be taken 

into account in the interpretation of results and the timing of interventions. It also suggests that 

different dialyzers may have different clinical potential. 

 Furthermore, this study confirmed the previous finding that intradialytic changes of AIx 

were primarily influenced by changes in the intradialytic decrease of systolic blood pressure 

(SBP) (17). Like AIx, SBP typically increases with age (20,21) and both increased more quickly 

and at a younger age in ESRD patients. If future studies can show SBP to be a regulator of AIx, 

SBP could potentially be manipulated in order to decrease arterial stiffness. Both indices also rise 

as toxins accumulate in the blood (15,17), supporting the hypothesis that intradialytic decreases 

in AIx (and therefore SBP) may result, at least partially, from the removal of toxins in the blood. 

If future studies could establish these mechanisms, they too could form targets for future clinical 

interventions. 

 Finally, it was established AIx changed within 10 minutes of the initiation and cessation 

of HD, as the body responded to the initiation and removal of the HD machine. These rapid 

changes in AIx values at the onset and cessation of HD could potentially create misleading 
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comparisons between pre-, during and post-HD measurements. As a result, consistent timing is 

important in obtaining meaningful AIx measures. In addition, the finding of rapid changes at both 

the onset and termination of HD may provide insight into what mechanisms are responsible for 

HD‟s temporary protective effects. 

6.5 The Influence of Exercise on Arterial Stiffness  

While evidence suggests that a single bout of aerobic exercise can stimulate acute changes 

in central and peripheral arterial stiffness determined by AT (22-29), use of PPG for PWV is in 

the infancy stage of technique development, and its validity in comparison to the reference (AT) 

method following an acute bout of aerobic exercise has never been reported. Study 3 is the first to 

make this comparison and revealed there was no change in central PWV or peripheral PWV in 

the non-exercising limb (i.e., crPWV), but that there was a significant post-exercise reduction in 

peripheral PWV in the exercising limb (i.e., fdPWV), using either the AT or PPG method. These 

findings were in agreement with previous studies that determined PWV by AT in young healthy 

individuals who performed an acute bout of graded aerobic cycling exercise to exhaustion, with 

measures taken pre- and 10-minutes post-exercise (22,23,25). These findings provide additional 

support for the limited influence of exercise to the exercising limb arterial stiffness. By 

establishing reference measures in an apparently healthy population, this study lays the 

foundation for future studies conducted in clinical populations, allowing future studies to explore 

which types, intensities, and durations of exercise are most effective for generating acute changes 

in arterial stiffness in individuals with specific diseases. This study also corroborates the PPG 

method for arterial stiffness measurement, supporting its eventual inclusion in routine clinical 

practice.  
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6.6 Future Research and Recommendations 

While these finding may help medical practitioners to measure arterial stiffness more 

effectively and interpret it more accurately, several issues merit further research:  

1. Based on the preliminary findings of Chapter 3 (Study 1), a) arterial stiffness (i.e., AIx) was 

found to be higher in ESRD patients at pre-HD, but not at post-HD, in comparison to 

healthy controls. Therefore, it is recommended that there should be more frequent 

measurements taken over a longer time period following dialysis to provide greater detail 

regarding changes in arterial stiffness and how they relate to dialysis and different dialyzers 

(i.e., high vs. low flux); b) AIx, although highly reliable, is an "indirect" measure of central 

arterial stiffness. At present, central PWV, measured between the carotid and femoral 

artery, is considered the "gold standard" for evaluating central arterial stiffness (30). These 

results would therefore be reinforced by a similar study using "direct" central PWV 

measures; c) the significant reduction in arterial stiffness during the HD process suggests 

there is a temporary CV protective effect. Future investigations are needed to identify the 

exact mechanisms underlying this response; and d) AIx changed within 10 minutes of both 

the initiation and cessation of HD, emphasizing the influence of timing on AIx measures. It 

is therefore recommend that changes in AIx be either determined within the dialysis period 

(10-minutes HD vs. 4-hours HD) or extradialytically (pre-HD vs. post-HD). Future studies 

may also wish to explore the composition of arteries and how this varies throughout the 

arterial tree in more detail, using both "pressure" and "volume" based tools.   

2. When considering the findings from Chapter 4 (Study 2), a) the majority of ESRD patients 

(58%) in this study were on one or more hypertensive medications. Calcium-channel 

blockers are known to decrease arterial stiffness in individuals with hypertension (31,32) 

whereas β-blockers may not have the same effect (32). The absolute values for PWV in the 
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current study may therefore have been influenced by the types of anti-hypertensive agents 

being taken by the ESRD patients. It is recommended that future studies closely monitor 

the effects different hypertensive medications may have on arterial stiffness and to conduct 

a study with ESRD patients not taking hypertensive medication; b) a cyclic relationship has 

been posited between volume overload and PWV (15), with PWV values being higher prior 

to HD and decreasing by the end of dialysis (33). Therefore, future studies should recognize 

that PWV measures taken prior to HD may result in inflated values compared to post-HD 

measures; c) future studies should consider taking measurements over a longer time period 

(e.g., different days) and during different conditions; and d) future research should not use 

peripheral PWV (i.e., crPWV) as surrogate of central PWV measures using either the AT or 

PPG method.  

3. When considering the results from Chapter 5 (Study 3), a) previous research has shown a 

nadir in reduction of lower-limb PWV (i.e., fdPWV) to occur approximately 10 minutes 

after maximal exercise (23,24), hence the rationale for the measurement at this time point. 

However, it may be beneficial to have additional time points in the recovery phase of future 

studies [i.e., immediately post-exercise (within 1 to 3 minutes), 5 minutes, and 20 minutes 

post-exercise, etc.]; b) data were collected before and after a bout of aerobic cycling 

exercise to volitional fatigue in young healthy individuals; however, there is evidence to 

suggest a variable response of central and peripheral PWV arterial stiffness acutely 

following a bout of aerobic exercise performed at moderate aerobic intensity (26,27,29) and 

with resistance exercise (29,34,35). This suggests that the acute effects of exercise on 

arterial stiffness may depend significantly on the mode and intensity of exercise, as well as 

the measurement site. Future studies should therefore examine the validity and reliability of 

PWV by PPG with different intensities of both aerobic and resistance exercise; c) this study 
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confirms the recommendation that the new PPG probe is a valid tool in the determination of 

central and peripheral PWV in young healthy individuals acutely following a bout of 

aerobic exercise to volitional fatigue. However, this study was a convenience sample not 

representative of the whole population. Thus, future studies including an extended range of 

the population (i.e., individuals at CV risk, older individuals, etc.) could potentially 

strengthen the research design; d) the research design of this study did not employ a 

separate day to serve as a study control and to test for reliability; thus, future studies should 

include a control group and additional days of testing; and e) lastly, regular physical 

activity has been associated with reduced risk of CV disease in healthy individuals (36,37). 

One study with older adult males who performed endurance exercise on a regular basis also 

demonstrated lower levels of resting aortic PWV and carotid AIx than their sedentary peers 

(36). These results suggest that habitual aerobic exercise may delay or prevent age-

associated increases in central arterial stiffness. However, data drawn from healthy males 

cannot be generalized to ESRD patients because certain unique ESRD-associated factors, 

such as endothelial dysfunction, chronic volume overload, and various endocrine 

abnormalities (38). Future studies should use the baselines here established to conduct 

careful clinical studies exploring these exercise training related effects in ESRD 

individuals, both young and old. 

6.7 Conclusions 

The studies in this dissertation have therefore generated several directions for further 

exploration. However, they have also answered some important questions related to the 

measurement of arterial stiffness. They have established the validity and reliability of the PPG 

method, refuted the use of peripheral measurements as surrogates for central ones, clarified the 

influence of HD on arterial stiffness, and confirmed the influence of aerobic exercise. By 
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providing healthcare practitioners and researchers with the ability to measure arterial stiffness 

more accurately and in a timely manner, this research may help improve the detection, 

assessment, and prevention of CVD in both healthy and at-risk populations. Ultimately, arterial 

stiffness measures may become a standard part of CVD screening procedures to help combat 

CVD mortality in healthy and at-risk populations alike. 
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Appendix A 

CONSENT FORMS 
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    INFORMED CONSENT FORM 

 

 

Radial Pulse Wave Analysis in End-stage Renal Disease Individuals on Hemodialysis 

 

Invitation to Participate 

You are invited to participate in a research study in which your blood pressure and radial pulse 

wave form will be measured before, during and after hemodialysis.    

 

Basis for Participant Selection 

The reason you are being asked to participate in this study is because you are 18 years of age or 

older and undergo hemodialysis at the Kingston Satellite Dialysis Unit.  

 

Purpose of the Study 

The purpose of this study is to determine the level of „arterial stiffness‟ in individuals with end-

stage renal disease.  This can be determined by measuring your blood pressure and by the pulse 

wave form.   

 

Explanation of Procedures 

For each dialysis session in a given week, the following measures will be determined just prior to 

dialysis, at 10 minutes, and the end of each of hour of dialysis and at 10 minutes post-dialysis: 

a) Blood Pressure - will be measured on the same arm that is used for your regular dialysis blood 

pressure recordings. However, for this study, your blood pressure will be determined manually 

in which the investigator will place a blood pressure cuff around your arm, inflate the cuff and 

listen for sounds with a stethoscope as the blood pressure cuff is deflated.   

b) Pulse Waveforms - will be determined using a SphygmoCor PX machine. This is a non-

invasive test. A pencil-like hand-held probe will be placed on your wrist, at the point of your 

strongest pulse. You will be asked to keep as still as possible during the test which will take 

less than 1 minute (we just need to obtain a series of ten good consecutive wave forms which 

is the equivalent of 10 heartbeats). This probe emits a Doppler signal in order to determine the 

pulse wave form. 

c) Fluid lost, on-line Kt/V, and relative blood volume - will all be obtained during dialysis from 

the dialysis machine.     

 

Other information will include: 

a) Your height, waist circumference, and hip circumference pre- and post-dialysis (with the 

exception of height), 

b) Information from your patient file (binder) including age, primary diagnosis, co-morbidities, 

length of time on dialysis, medications, and 

c) Dialysis parameters including fluid gained, goal, dialysate flow rate, and blood flow rate.  

 

For each visit, it is important that you:    

a) Do not participate in strenuous exercise for 24 hours prior to dialysis, 

b) Refrain from smoking, having any caffeine (coffee, tea, energy drinks, etc.) and anything to 

eat or drink for at least 4 hours prior to the test, with the exception to taking your regularly 

scheduled medications, and  
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c) Turn off your cell-phones or any other electronic devices which can affect the measures taken 

by the SphygmoCor Px.  

 

Potential Risks and Discomfort 

There are no known risks associated with participation in this study. Since blood pressure will be 

measured manually you will experience the discomfort of the inflation of the cuff 5 more times 

than the usual number of blood pressure recordings which occurs during dialysis. 

 

Potential Benefits 

There is no direct benefit to you for participating in this study. The information that we obtain 

from your participation will provide information regarding arterial stiffness and its relationship to 

other aspects of dialysis.  These data will be compared to that seen in healthy age and gender 

matched individuals.  Arterial stiffness is an independent risk factor for cardiovascular events and 

the renal failure population has a high incidence of cardiovascular co-morbidities.  Further, 

cardiovascular events account for up to 40% of all mortality in end- stage renal disease. These 

data will help to provide a profile of arterial stiffness and associated factors that will be addressed 

in future studies. 

 

Financial Obligations 

There are no financial obligations on your part for participation in this study.  

 

Assurance of Confidentiality 

Any information obtained in connection with this study will be held in strict confidence. Each 

participant will be assigned a code, known only to the investigators. The data containing your 

results will be available on an excel spreadsheet using only your participant code. Any 

identifying information (i.e., the code sheet listing participant names and associated code) will be 

kept in a locked file cabinet in the Clinical Renal Investigation Unit (CRIU) located in the 

Kingston Satellite Dialysis Unit. Only the investigators of this study will have access to this 

information.  

 

Withdrawal from Study 

Participation is voluntary. You are free to withdraw your consent and to discontinue participation 

at any time. If you decline to participate this does not affect your relationship with the hospital or 

any aspect of your renal care.  

 

Offer to Answer Questions 

If you have any questions, please do not hesitate to contact Rosemarié Rombough, the doctoral 

candidate involved with the study at 613-533-6000, Dr. Cheryl King-VanVlack, the Principal 

Investigator (613-533-6341) or Dr. Trisha Parsons, the Co-Investigator (613-533-2640).  

 

If you have any concerns regarding the student‟s authorization to perform this study you may also 

contact Dr. Elsie Culham, the Director, School of Rehabilitation Therapy & Associate Dean of 

Health Sciences at 613-533-6727. 

 

If you have any concerns regarding the rights of research participants, you may contact Queen‟s 

University Health Sciences Research Ethics Board (REB), telephone 613-533-6000 (ext 74579).  
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YOU ARE VOLUNTARILY MAKING A DECISION WHETHER OR NOT TO 

PARTICIPATE IN THIS RESEARCH STUDY.  YOUR SIGNATURE CERTIFIES THAT 

YOU HAVE DECIDED TO PARTCIPATE HAVING READ AND UNDERSTOOD THE 

INFORMATION PRESENTED.  YOUR SIGNATURE ALSO CERTIFIES THAT YOU HAVE 

HAD AN ADEQUATE OPPORTUNITY TO DISCUSS THIS STUDY WITH THE 

INVESTIGATOR(S) AND YOU HAVE HAD ALL OF YOUR QUESTIONS ANSWERED TO 

YOUR SATISFACTION. YOU WILL RECEIVE A COPY OF THIS CONSENT FORM TO 

KEEP. 

 

 

______________________________   ______________________  

Signature of Participant                                      Date 

 

 

IN MY JUDGEMENT, THE PARTICIPANT IS VOLUNTARILY AND IS KNOWINGLY 

PROVIDING INFORMED CONSENT AND POSSESSES THE LEGAL CAPACITY TO GIVE 

INFORMED CONSENT TO PARTICIPATE IN THIS RESEARCH STUDY. 

 

 

______________________________   _______________________ 

Signature of Investigator     Date 

 

 

Principal Investigator:          Co-Investigator: 

Dr. Cheryl E. King-VanVlack         Dr. Edwin B. Toffelmire 

School of Rehabilitation Therapy         Division of Nephrology 

Queen‟s University           Department of Medicine 

Louise D. Acton Building          Queen‟s University 

Kingston, ON K7L 3N6          Kingston, Ontario K7L 3N6 

(613) 533-6341                                                      (613)-548-1366 

E-mail: kingce@queensu.ca                                  E-mail: ted.toffelmire@fmc-na.com 

 

Co-Investigator:                                                    Student Investigator: 

Dr. Trish L. Parsons                                               Rosemarié E. Rombough (PhD Candidate) 

School of Rehabilitation Therapy                          School of Rehabilitation Therapy 

Queen‟s University                                                Queen‟s University 

Louise D. Acton Building                                      Louise D. Acton Building 

Kingston, ON K7L 3N6                                         Kingston, ON K7L 3N6 

(613) 533-2640                                                       (613) 533-6000 

E-mail: parsonst@queensu.ca                                E-mail: 9rerr@queensu.ca 
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INFORMED CONSENT FORM 

 

Reproducibility of Radial Pulse Wave Analysis in Healthy Individuals 

 

Invitation to Participate 

You are invited to participate in a research study, in which you will be asked to have consecutive 

blood pressure and radial pulse waves recorded over the course of three separate visits.  

 

Basis for Participant Selection 

The reason you are able to take part in this study is because you are a healthy individual who is 

20 years of age or older.   

 

Purpose of the Study 

The purpose of this study is to assess the reproducibility of the blood pressure parameters 

estimated by a SphygmoCor Px pulse wave analysis system. This system provides a quick and 

non-invasive method of obtaining central blood pressure and other key cardiovascular data (i.e., 

arterial stiffness) using a hand-held, non-invasive probe. The SphygmoCor Px was designed to 

provide a better estimate of the blood pressure in the arteries closest to the heart as compared to a 

traditional blood pressure cuff. In turn, these measures are thought to be a better indicator of 

cardiovascular risk. 

 

Prior to measures in a clinical population, we need to ensure that we can obtain the similar values 

when these measurements are preformed repeatedly on the same day and on different days, in 

order to help us determine if this machine will be useful as an outcome measure for our future 

studies. 

 

Explanation of Procedures 

This study involves three visits to the Clinical Renal Investigation Unit (CRIU) for approximately 

1 hour for each visit. The CRIU is located in the Kingston Satellite Dialysis Unit on the second 

floor of the medical building of Providence Care-Mental Health Services site (752 King Street 

West). You will be scheduled to come at the same time of day for each of these visits. For each 

visit, it is important that you do not participate in strenuous exercise for 24 hours prior to your 

visit and that you refrain from smoking, having any caffeine (coffee, tea, energy drinks, etc.), and 

anything to eat or drink for at least 4 hours prior to the test. Cell-phones or any other electronic 

devices can affect the measures taken by the SphygmoCor Px. Therefore, you may wish to not 

bring these devices with you, or you will be required to turn them off when you are in the Unit.  

 

During each visit the following procedures will be carried out by the same investigator: 

After lying on an examination bed for a 10-minute rest period, your blood pressure will be 

measured three times using a standard blood pressure cuff.  

Immediately after the blood pressure readings, a SphygmoCor Px system will be used to record 

the shape of your radial pulse. From this information, the machine is able to estimate what your 

blood pressures are like in the large blood vessels close to your heart. This is a non-invasive test. 

A pencil-type hand-held probe will be placed on your wrist, at the point of your strongest pulse. 

You will be asked to keep as still as possible during the test. Once the researcher is satisfied with 

the measurement you will be asked to rest for another 10 minutes. These measures will then be 

repeated twice for a total of three measures in the same day.   
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Other Information: 

a) Your weight and height will be determined, and 

b) The investigator will obtain information from you, including your date of birth, medical 

conditions, and current medications including those mediations that you have stopped taking 

1-month prior.  

 

Potential Risks and Discomfort 

There are no known risks associated with participation in this study.  

 

Potential Benefits 

There is no direct benefit to you for participating in this study. The information that we obtain 

from your participation will help us to design a future study with respect to the effects of exercise 

on blood pressure and cardiovascular risk in hemodialysis patients. This is an important first step 

to determining how we might proceed to reduce the risk and/or the consequences of 

cardiovascular disease. 

 

Financial Obligations 

There are no financial obligations on your part for participation in this study. Parking is readily 

available at the Providence Care-Mental Health Services site. 

 

Assurance of Confidentiality 

Any information obtained in connection with this study will be held in strict confidence. Each 

participant will be assigned a code, known only to the investigators. The data containing your 

results will be available on an excel spreadsheet using only your participant code. Any 

identifying information (i.e., the code sheet listing participant names and associated code) will be 

kept in a locked file cabinet in the Clinical Renal Investigation unit. Only the investigators of this 

study will have access to this information.  

 

Withdrawal from Study 

Participation is voluntary. You are free to withdraw your consent and to discontinue participation 

at any time. If you decline to participate this does not affect your relationship with the hospital or 

any aspect of your renal care. 

 

Offer to Answer Questions 

If you have any questions, please do not hesitate to contact Rosemarié Rombough, the doctoral 

candidate involved with the study at 613-533-6000, Dr. Cheryl King-VanVlack, the Principal 

Investigator of the study, at 613-533-6341 (office) or 613-542-8042 (home), or Dr. Trisha 

Parsons, the Co-Investigator of the study, at 613-533-2640.  

 

If you have any concerns regarding the student‟s authorization to perform this study you may 

contact Dr. Elsie Culham, the Director, School of Rehabilitation Therapy & Associate Dean of 

Health Sciences at 613-533-6727. 

 

If you have any concerns regarding the rights of research participants, you may contact Queen‟s 

University Research Ethics Board (REB), telephone 613-533-6000 (ext 74579).   
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YOU ARE VOLUNTARILY MAKING A DECISION WHETHER OR NOT TO 

PARTICIPATE IN THIS RESEARCH STUDY.  YOUR SIGNATURE CERTIFIES THAT 

YOU HAVE DECIDED TO PARTCIPATE HAVING READ AND UNDERSTOOD THE 

INFORMATION PRESENTED.  YOUR SIGNATURE ALSO CERTIFIES THAT YOU HAVE 

HAD AN ADEQUATE OPPORTUNITY TO DISCUSS THIS STUDY WITH THE 

INVESTIGATOR(S) AND YOU HAVE HAD ALL OF YOUR QUESTIONS ANSWERED TO 

YOUR SATISFACTION.  YOU WILL RECEIVE A COPY OF THIS CONSENT FORM TO 

KEEP. 

 

 

______________________________   ______________________  

Signature of Participant                                      Date 

 

 

IN MY JUDGEMENT, THE PARTICIPANT IS VOLUNTARILY AND IS KNOWINGLY 

PROVIDING INFORMED CONSENT AND POSSESSES THE LEGAL CAPACITY TO GIVE 

INFORMED CONSENT TO PARTICIPATE IN THIS RESEARCH STUDY. 

 

 

______________________________   _______________________ 

Signature of Investigator     Date 

 

 

Principal Investigator:          Co-Investigator: 

Dr. C. King-VanVlack          Dr. Edwin B. Toffelmire 

School of Rehabilitation Therapy         Division of Nephrology 

Queen‟s University           Department of Medicine 

Louise D. Acton Building          Queen‟s University 

Kingston, ON K7L 3N6          Kingston, Ontario K7L 3N6 

(613) 533-6341                                                      (613)-548-1366 

E-mail: kingce@queensu.ca                                  E-mail: ted.toffelmire@fmc-na.com 

 

Co-Investigator:                                                    Student Investigator: 

Dr. Trish Parsons                                                   Rosemarie Rombough (PhD Candidate) 

School of Rehabilitation Therapy                          School of Rehabilitation Therapy 

Queen‟s University                                                Queen‟s University 

Louise D. Acton Building                                      Louise D. Acton Building 

Kingston, ON K7L 3N6                                        Kingston, ON K7L 3N6 

(613) 533-2640                                                      (613) 533-6000 

E-mail: parsonst@queensu.ca                                E-mail: 9rerr@queensu.ca 
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INFORMED CONSENT FORM 

 

Testing a New Tool to Measure Arterial Stiffness: 

Validating Photoplethysmography Derived Pulse Wave Velocity Measures in  

Hemodialysis Patients 

 

Invitation to Participate 

You are invited to participate in a research study, in which you will be asked to have your blood 

pressure and arterial stiffness (pulse wave velocity) measured non-invasively. This will take place 

over the course of a single visit (~30-minutes) in the Clinical Renal Investigation Unit.   

 

Basis for Participant Selection 

You are being asked to participate in this study because you are 18 years of age or older and are 

undergoing hemodialysis at the Kingston Satellite Dialysis Unit.  

 

Purpose of the Study 

The purpose of this study is to assess arterial stiffness by comparing two different devices: the 

reference method using applanation tonometry (AT) and an experimental photoplethysmography 

(PPG) device. Both systems provide a quick and non-invasive method of obtaining key 

information on the health of your arteries (i.e., arterial stiffness) using either one or two hand-

held, non-invasive probes. 

 

The new device (PPG) might have some important advantages over the reference method (AT): 

 AT is not very handy; the tonometer (the pen-like tool) is sometimes difficult to use.  

 PPG uses a technology that may allow for the measurement of deeper blood vessels. 

 PPG uses a sensor that is considerably less expensive than an AT sensor   

 

Explanation of Procedures 

You will be asked to come to the Clinical Renal Investigation Unit (CRIU) for a single visit. The 

testing should take, at most, 30-minutes. The CRIU is located in the Kingston Satellite Dialysis 

Unit on the second floor of the medical building of Providence Care-Mental Health Services site 

(752 King Street West). The CRIU is in front of the dialysis unit entrance, the second door in 

your right. At each visit the following measures will be determined by an investigator who is 

trained in all of the techniques. You will be asked to come to the lab 30-minutes before your 

regular dialysis treatment, on either the second or third treatment day of the week. 

 

a) Demographic Information 

You will be asked to complete a short demographic questionnaire to provide the investigator with 

information about your age, gender, and general medical history.  

 

b) Body Composition 

Your height, weight, neck circumference and waist circumference will be measured by the 

investigator. 

 

 

 

 



 

216 
 

c) Other Health Information 

Health information from your patient file will also be obtained including your dialysis vintage, 

dialysis prescription parameters, renal replacement history, primary cause of kidney failure, and 

other co-morbidities (e.g., diabetes, high blood pressure, heart or lung disease). 

 

d) Blood Pressure 

You will be asked to lie down. After approximately 10 minutes of rest (before taking your first 

pulse wave velocity measure), the investigator will determine your blood pressure by placing a 

blood pressure cuff around your arm, inflating the cuff and listening for sounds with a 

stethoscope as the blood pressure cuff is deflated. After your second bout of 10 minutes of rest 

your blood pressure will be taken again before measuring your pulse wave velocity. Blood 

pressure will be measured on the same arm that is used for your regular dialysis blood pressure 

recordings. 

 

e) Arterial Pulse Waveform 

The arterial pulse waveform will be determined using two different types of non-invasive tools. 

The first is a pencil-like hand-held probe and the second is a small probe that emits infrared light. 

The arterial pulse waveform will be measured at two artery sites for each probe type:  Once at 

your neck (carotid artery), once at your wrist (radial artery), and once at your hip area (femoral 

artery). For each tool, arterial stiffness will be recorded for less than 1 minute. You will be asked 

to rest for 10 minutes more, and then these same measures will be repeated. In total, this testing is 

expected to take approximately 15-minutes. You will be asked to keep as still as possible during 

the test. 

 

In order to obtain the best measures possible, and ultimately the most useful data, you will be 

asked to:   

1. Refrain from eating and drinking at least 1 hour prior to the test 

2. Avoid caffeine (coffee, tea, energy drinks, etc.), alcohol and smoking at least 24 hours prior 

to the test 

3. Refrain from moderate or strenuous exercise and/or activity at least 24 hours before the test 

4. Turn off your cell-phone or other portable communication devices since they can affect the 

measures taken. 

 

Potential Risks and Discomfort 

There are no known risks associated with participation in this study. The experimental device 

uses infrared (IR) probes that are harmless for the human body.   

 

Potential Benefits 

There is no direct benefit to you for participating in this study. The information that we obtain 

from your participation will help us to validate the use of PPG for the measurement of arterial 

stiffness in dialysis patients. Indeed, this new method of measurement might be an easier way to 

assess arterial stiffness and so to value the risk of heart disease in hemodialysis population. 

 

Financial Obligations 

There are no financial obligations on your part for participation in this study. Parking is readily 

available (no cost) at the Providence Care-Mental Health Services site. 
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Assurance of Confidentiality 

Any information obtained in connection with this study will be held in strict confidence. Each 

participant will be assigned a code, known only to the investigators. The data containing your 

results will be available on an excel spreadsheet using only your participant code. Any 

identifying information (i.e., the code sheet listing participant names and associated code) will be 

kept in a locked file cabinet in the Clinical Renal Investigation unit. Only the investigators of this 

study will have access to this information.  

 

Withdrawal from Study 

Participation is voluntary. You are free to withdraw your consent and to discontinue participation 

at any time. If you decline to participate this does not affect your relationship with the hospital or 

any aspect of your renal care. 

 

Offer to Answer Questions 

If you have any questions, please do not hesitate to contact Rosemarié Rombough, the doctoral 

candidate involved with the study at 613-533-6000, or Dr. Trisha Parsons, the Principal 

Investigator (613-533-2640).  If you have any concerns regarding the student‟s authorization to 

perform this study you may also contact Dr. Elsie Culham, the Director, and School of 

Rehabilitation Therapy & Associate Dean of Health Sciences at 613-533-6727. 

 

If you have any concerns regarding the rights of research participants, you may contact Queen‟s 

University Research Ethics Board (REB), telephone 613-533-6000 (ext 74579).  

 

YOU ARE VOLUNTARILY MAKING A DECISION WHETHER OR NOT TO 

PARTICIPATE IN THIS RESEARCH STUDY. YOUR SIGNATURE CERTIFIES THAT YOU 

HAVE DECIDED TO PARTCIPATE HAVING READ AND UNDERSTOOD THE 

INFORMATION PRESENTED. YOUR SIGNATURE ALSO CERTIFIES THAT YOU HAVE 

HAD AN ADEQUATE OPPORTUNITY TO DISCUSS THIS STUDY WITH THE 

INVESTIGATOR(S) AND YOU HAVE HAD ALL OF YOUR QUESTIONS ANSWERED TO 

YOUR SATISFACTION. YOU WILL RECEIVE A COPY OF THIS CONSENT FORM TO 

KEEP. 

 

______________________________   ______________________  

     Signature of Participant                                    Date 

 

IN MY JUDGEMENT, THE PARTICIPANT IS VOLUNTARILY AND IS KNOWINGLY 

PROVIDING INFORMED CONSENT AND POSSESSES THE LEGAL CAPACITY TO GIVE 

INFORMED CONSENT TO PARTICIPATE IN THIS RESEARCH STUDY. 

 

______________________________   _______________________ 

     Signature of Investigator                          Date 
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Principal Investigator:          Co-Investigator: 

Dr. Trisha L. Parsons           Dr. Edwin B. Toffelmire 

School of Rehabilitation Therapy         Division of Nephrology 

Queen‟s University           Department of Medicine 

Louise D. Acton Building          Queen‟s University 

Kingston, ON K7L 3N6          Kingston, Ontario K7L 3N6 

(613) 533-2640                                                      (613)-548-1366 

E-mail: parsonst@queensu.ca                                E-mail: ted.toffelmire@fmc-na.com 

 

Co-Investigator:                           Student Investigator: 

Dr. Cheryl E. King-VanVlack         Rosemarié E. Rombough (PhD Candidate) 

School of Rehabilitation Therapy         School of Rehabilitation Therapy 

Queen‟s University           Queen‟s University 

Louise D. Acton Building          Louise D. Acton Building 

Kingston, ON K7L 3N6          Kingston, ON K7L 3N6 

(613) 533-6341                                                      (613) 533-6000 

E-mail: kingce@queensu.ca                                  E-mail: 9rerr@queensu.ca 
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 CONSENT FORM 

 

The Validity and Reliability of Photoplethysmography at Rest and Following an Acute Bout 

of Aerobic Exercise 

 

Invitation to Participate 

You are invited to participate in this research study where you will be asked to perform a graded 

exercise test to exhaustion during which the stiffness of your vessels will be determined non-

invasively before and after exercise using two different non-invasive probes (applanation 

tonometry and photoplethysmography).   

Basis for Participant Selection 

The reason you are being asked to participate in this study is because you are between 18 to 30 

years of age and are a healthy individual with no known medical conditions.  

Purpose of the Study 

The purpose of this study is to establish the validity and reliability of the photoplethysmography 

(PPG) method, relative to the currently accepted applanation (AT) method for both central and 

peripheral (exercising and non-exercising limb) arterial stiffness at rest and after exercise.    

 

Explanation of Procedures 

You will be asked to come to the Renal Rehabilitation Research Unit located in the Kingston 

Satellite Dialysis Unit. Your visit will be approximately 1.5 hours in duration. Upon arrival, you 

will be familiarized with the equipment and the protocol will be explained. You will then be 

asked to sign this Informed Consent Form and complete a general health screening questionnaire 

(PAR-Q) that will determine your physical activity readiness for exercise. Demographic 

information (e.g., age, smoker, exercise history, etc.) will be obtained and then you be asked to 

change into a pair of loose fitting shorts provided by the lab then have your weight and height 

measured (without shoes). You will then be asked to lie comfortably on a plinth. Three ECG 

electrodes will be placed on your chest to obtain an electrical signal of your heart rate. On the left 

side of your body, small PPG probes will be placed on your neck, wrist, upper leg area, and on 

the top of your foot and held in place with elastic Velcro exercise bands. A water-based marker 

will be used to place a small mark on the same four arterial sites as the PPG probes on the left 

side of the body which will be the reference marks for the researcher for placement of the AT 

probe. After 10 minutes of rest your blood pressure and heart rate will be taken. This will be 

followed by PPG and AT recordings from the 4 arterial sites. Pulse wave velocity determination 

using the applanation tonometry technique will be performed gently and non-invasively by 

placing a pencil-like hand-held AT probe over your neck (carotid artery), wrist (radial artery), 

upper part of the leg (femoral artery), and on the top of the foot (dorsalis pedis artery). You will 

be asked to keep as quiet and still as possible during these measures, which will take less than 1-

minute for each site. Once these measures have been captured you will be asked to put on your 

running shoes, shoes/stockings, and transfer to a cycle ergometer for which the seat and 

handlebar will be adjusted to your height. In addition a chest pulse belt will be adjusted to fit the 

lower part of your chest wall which will continuously monitor your heart rate. Prior to exercising, 

your blood pressure and heart rate will be taken. You will then be asked to begin pedaling in 

timing to a metronome to attain a pedaling rate of 50 revolutions per minute (~2 minutes), at 
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which point the workload will be increased successively approximately every 3 minutes until you 

reach voluntary fatigue (approximately 10-15 minutes of exercise). At each workload your heart 

rate, blood pressure, rating your perceived level of exertion and workload will be determined. 

Once you have reached volitional exhaustion the workload will be decreased to “zero” resistance 

and you will be asked to cycle for an additional 2 minutes (considered the recovery phase) 

followed with your heart rate, blood pressure and rating or perceived level of exertion taken. 

Immediately upon completion of the exercise protocol, you will be asked to transfer back to the 

plinth, remove your shoes, socks/stockings and have the PPG probes and ECG leads re-attached. 

Approximately nine minutes post-exercise your blood pressure and heart rate will be re-taken 

followed at 10 minutes post-exercise your arterial measures (AT and PPG) from the same 4 

arterial sites and in the same order. At rest and after you have exercised, your heart rate will be 

recorded by an ECG recording. During exercise, your heart rate will be monitored using a 

wireless chest belt that fits comfortably on the lower part of your chest. Blood pressure will be 

determined manually in which a blood pressure cuff will be placed around your arm, inflated, and 

then deflated, while the investigator listens for sounds with a stethoscope.   

 

Prior to your visit, it is important that you:    

a)  Do not participate in strenuous exercise and/or activity for at least 24 hours prior to testing,  

b)  Refrain from smoking, having any caffeine (coffee, tea, energy drinks, etc.) and anything to 

eat or drink for at least 4 hours prior to the test (if possible), and  

c)  You will be reminded to wear a loose fitting t-shirt and a pair of running shoes to the lab for 

both days of testing.  

 

Potential Risks and Discomfort 

There are no known risks associated with participation in this study. For individuals who do not 

exercise on a regular basis, transient muscle leg soreness may be experienced for 24 to 48 hours 

following the exercise session. If at any time during the exercise session, your feel dizzy or if the 

investigator determines that your cardiovascular responses to the exercise are not safe, the 

exercise test will be stopped immediately. 

 

Potential Benefits 

There is no direct benefit to you for participating in this study. The information obtained  from 

the current study will help us to determine the validity and reliability of the PPG method for 

central and peripheral (exercising and non-exercising limb) PWV measures at rest and following 

exercise in young healthy individuals. This will help direct us in future studies with the PPG 

device in assessing arterial stiffness which due to the ease of use has the potential to be employed 

clinically for the determination of cardiovascular risk.   

 

Financial Obligations 

There are no financial obligations on your part for participation in this study. Parking is available 

free of charge.   

 

Assurance of Confidentiality 

Any information obtained in connection with this study will be held in strict confidence. Each 

participant will be assigned a code, known only to the investigators. The data containing your 

results will be available on an excel spreadsheet using only your participant code. Any 

identifying information (i.e., the code sheet listing participant names and associated code) will be 
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kept in a locked file cabinet in the Renal Rehabilitation Research Unit. Only the investigators of 

this study will have access to this information.  

 

Withdrawal from Study 

Participation is voluntary. You are free to withdraw your consent and to discontinue participation 

at any time. If you decline to participate this does not affect your relationship with the hospital. If 

the investigator determines that your cardiovascular responses to exercise are questionable and 

possibly unsafe, then you will be withdrawn from the study. 

 

Offer to Answer Questions 

If you have any questions, please do not hesitate to contact Rosemarié Rombough, the doctoral 

candidate involved with the study at 613-533-6000, Dr. Trisha Parsons (613) 533-2640, the 

Principal Investigator of the study, or Dr. Cheryl King-VanVlack, the Co-Investigator (613-533-

6341). 

 

If you have any concerns regarding the student‟s authorization to perform this study you may also 

contact Dr. Elsie Culham, the Director, School of Rehabilitation Therapy & Associate Dean of 

Health Sciences at 613-533-6727. 

 

If you have any concerns about your rights as a research participant, please contact Dr. Albert 

Clark, Chair of the Queen‟s University Faculty of Health Sciences and Affiliated Teaching 

Hospitals Research Ethics Board at (613) 533-6081. 

 

YOU ARE VOLUNTARILY MAKING A DECISION WHETHER OR NOT TO 

PARTICIPATE IN THIS RESEARCH STUDY. YOUR SIGNATURE CERTIFIES THAT YOU 

HAVE DECIDED TO PARTCIPATE HAVING READ AND UNDERSTOOD THE 

INFORMATION PRESENTED. YOUR SIGNATURE ALSO CERTIFIES THAT YOU HAVE 

HAD AN ADEQUATE OPPORTUNITY TO DISCUSS THIS STUDY WITH THE 

INVESTIGATOR(S) AND YOU HAVE HAD ALL OF YOUR QUESTIONS ANSWERED TO 

YOUR SATISFACTION. YOU WILL RECEIVE A COPY OF THIS CONSENT FORM TO 

KEEP. 

 

______________________________   ______________________  

     Signature of Participant                                    Date 

 

IN MY JUDGEMENT, THE PARTICIPANT IS VOLUNTARILY AND IS KNOWINGLY 

PROVIDING INFORMED CONSENT AND POSSESSES THE LEGAL CAPACITY TO GIVE 

INFORMED CONSENT TO PARTICIPATE IN THIS RESEARCH STUDY. 

 

 

______________________________   _______________________ 

     Signature of Investigator                          Date 
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Principal Investigator:                          Student Investigator:          

Dr. Trisha L. Parsons                                                  Rosemarié E. Rombough (PhD Candidate) 

School of Rehabilitation Therapy                               School of Rehabilitation Therapy 

Queen‟s University                                                     Queen‟s University 

Louise D. Acton Building                                           Louise D. Acton Building 

Kingston, ON   K7L 3N6                                     Kingston, ON K7L 3N6 

(613) 533-2640                                                           (613) 533-6000                      

E-mail: parsonst@queensu.ca                                     E-mail: 9rerr@queensu.ca 

 

Co-Investigator:                            

Dr. Cheryl E. King-VanVlack           

School of Rehabilitation Therapy          

Queen‟s University            

Louise D. Acton Building           

Kingston, ON K7L 3N6           

(613) 533-6341                                                       

E-mail: kingce@queensu.ca                
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Appendix B 

QUEEN’S RESEARCH ETHICS LETTERS OF APPROVAL 
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Appendix C 

 

PHYSICAL ACTIVITY READINESS QUESTIONNAIRE (PAR-Q) 
 

Regular physical activity is fun and healthy, and increasingly more people are starting to become 

more active every day. Being more active is very safe for most people. However, some people 

should check with their doctor before they start becoming much more physically active. If you 

are planning to become much more physically active than you are now, start by answering the 

seven questions in the box below. If you are between the ages of 15 and 69, the PAR-Q will tell 

you if you should check with your doctor before you start. If you are over 69 years of age, and 

you are not used to being very active, check with your doctor. 
 

Common sense is your best guide when you answer these questions. Please read the questions 

carefully and answer each one honestly: check Yes or No 
 

YES   NO 

           1. Has your doctor ever said that you have a heart condition and that you should only   

                      do physical activity recommended by a doctor? 

           2. Do you feel pain in your chest when you do physical activity? 

           3. In the past month, have you had chest pain when you were not doing physical  

                      activity? 

           4. Do you lose your balance because of dizziness or do you ever lose consciousness? 

           5. Do you have a bone or joint problem (for example, back, knee or hip) that could be  

                      made worse by a change in your physical activity? 

           6. Is your doctor currently prescribing drugs (for example, water pills) for your blood 

                      pressure or heart condition? 

           7. Do you know of any other reason why you should not do physical activity? 
 

If you answered yes to one or more questions: Talk with your doctor by phone or in person 

BEFORE you start becoming much more physically active or BEFORE you have a fitness 

appraisal. Tell your doctor about the PAR-Q and which questions you answered YES. 
 

If you answered no to all questions:  you can be reasonably sure that you can start becoming 

much more physically active and take part in a fitness appraisal  
 

 "I have read, understood and completed this questionnaire. Any questions I had were answered 

to my full satisfaction." 
 

______________________________   ______________________  

          Signature of Participant                                   Date 
 

______________________________   _______________________          

         Signature of Investigator             Date                                                                                 
                                                                                                                                

* Modified from: American of Sports Medicine, 1997. Physical Activity Readiness Questionnaire  

   (PAR-Q) and You, Available at: http://www.memphis.edu/hss/pdf/par-q.pdf.  Accessed July 10,  

   2012. 

http://www.memphis.edu/hss/pdf/par-q.pdf
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Appendix D  

 

BORG SCALE (15-POINT SCALE) 

 

While doing physical activity, we want you to rate your perception of „exertion‟. This feeling 

should reflect how heavy and strenuous the exercise feels to you, combining all sensations and 

feelings of physical stress, effort, and fatigue. Do not concern yourself with any one factor such 

as leg pain or shortness of breath, but try to focus on your total feeling of exertion. 

Look at the rating scale below while you are engaging in an activity; it ranges from 6 to 20, 

where 6 means "no exertion" and 20 means "maximal exertion" Choose the number from below 

that best describes your level of exertion. This will give you a good idea of the intensity level of 

your activity, and you can use this information to speed up or slow down your movements to 

reach your desired range. Try to appraise your feeling of exertion as honestly as possible, without 

thinking about what the actual physical load is. Your own feeling of effort and exertion is 

important, not how it compares to other people. Look at the scales and the expressions and then 

give a number. 

Rating Description 

6  

7 Very, very light 

8  

9 Very light 

10  

11 Fairly light 

12  

13 Somewhat hard 

14  

15 Hard 

16  

17 Very hard 

18  

19 Very, very hard 

20  

                                                                                                                                                                

* Modified from: RPE 15 Point Scale, 1982. Available at:  

http://www.brianmac.co.uk/borgscale.htm. Accessed January 12, 2012. 

http://www.brianmac.co.uk/borgscale.htm.%20Accessed%20January%2012
http://www.brianmac.co.uk/borgscale.htm.%20Accessed%20January%2012
http://www.brianmac.co.uk/borgscale.htm.%20Accessed%20January%2012

