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Abstract 

High blood pressure (BP) is the leading modifiable risk factor for cardiovascular disease 

(CVD) and death. However, conventional brachial systolic and diastolic BP provide 

limited information on the underlying BP waveform and do not encompass all the 

cardiovascular risk associated with BP. Moreover, evidence suggests central (aortic) BP 

may be more clinically useful than conventional brachial BP, highlighting the importance 

of differences in central-to-peripheral vascular properties and arterial hemodynamics in 

the assessment of BP related risk. Recently, the reservoir-excess pressure model has 

emerged as a construct for deriving clinically relevant information from the underlying 

BP waveform and may be useful for assessing differences in central-to-peripheral artery 

hemodynamics. Nevertheless, there is an under-appreciation of the influence of 

differences in central-to-peripheral vascular properties on arterial hemodynamics and 

reservoir-excess pressure parameters. Consideration of the changes in vascular properties 

and a greater awareness of the hemodynamic variability throughout the arterial tree may 

facilitate a more accurate assessment of BP and BP related risk. Therefore, the broad aims 

of this research were to determine the hemodynamic differences between central and 

peripheral arteries and identify clinically useful parameters derived from arterial BP 

waveform analysis, with a particular focus on reservoir-excess pressure parameters.  

Evidence suggests the reservoir-excess pressure model has value for deriving 

physiological and clinically additive information from the underlying BP waveform. 

However, more research is needed to better understand the value of this model for the 

assessment of arterial hemodynamics and BP related cardiovascular risk. The reservoir-

excess pressure model is still in its relative infancy, and there is yet to be a published 

article that describes the physiological and clinical evidence relating to parameters 

derived via this model. This gap in the literature is addressed in chapter 1 as part of an 

invited review for the Journal of Frontiers in Physiology, where we highlight the need for 

greater appreciation of differences in central-to-peripheral artery hemodynamics and BP 

waveform morphology. 

Study 1 (Chapter 2) sought to determine the usefulness of the ratio of aortic-to-brachial 

artery stiffness (ab-ratio) for assessing central-to-peripheral artery properties. Previously, 

the ab-ratio has shown promise as a vascular risk marker independent of the influence of 

BP, but this has only been examined among individuals with disease. Study 1 found that 
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in patients with disease, including renal disease (n=119), type two diabetes mellitus 

(n=77), and hypertension (n=140), the ab-ratio was not associated with BP (P >0.11 for 

all). Conversely, among healthy individuals (n=99), the ab-ratio was associated with BP 

(β = 0.08, P = 0.003). These findings show that the ab-ratio is inherently related to BP 

and, thus, has limited potential as a tool for the assessment of vascular properties beyond 

techniques already available.  

In study 2 (Chapter 3), central-to-peripheral artery hemodynamics were assessed by 

examination of the differences in intra-arterial BP between the aortic, brachial, and radial 

arteries among 180 individuals undergoing coronary angiography. The key finding from 

this study was that systolic BP, the peak of the BP waveform, was, on average, 5.5 mmHg 

higher in the radial artery compared to the brachial artery accounting for 43% of the 

difference in systolic BP between the aorta and radial artery. There was significant 

between-person variability in the level of systolic BP difference between the brachial and 

radial arteries. Conversely, on average, there were small non-significant decreases for 

both diastolic and mean BP between the brachial and radial arteries (-1.1 and -1.6 mmHg, 

respectively). These findings improve our understanding of changes in central-to-

peripheral artery hemodynamics with implications for novel wrist-based BP devices and 

estimation of aortic BP via conventional pulse wave analysis methods. Additionally, the 

consistency of diastolic BP suggests a detailed analysis of diastolic BP waveform 

morphology via reservoir-excess pressure analysis, may present an opportunity asses 

central artery hemodynamics from the peripheral artery BP waveform.  

Study 3 (Chapter 4) sought to determine the uniformity and clinical value of key 

reservoir-excess pressure parameters derived from central and peripheral artery BP 

waveforms, with a focus on parameters relating to diastolic BP waveform morphology. 

Among 220 individuals undergoing a coronary angiography procedure, model parameters 

were derived from intra-arterial aortic, brachial, and radial BP waveforms, and clinical 

value was assessed by association with estimated glomerular filtration rate (eGFR). Of 

all the model parameters, the reservoir pressure and diastolic rate constant were the most 

uniform between arterial sites. However, only the diastolic rate constant had consistent 

associations with eGFR when derived from central and peripheral arteries (P <0.03). The 

diastolic rate constant, therefore, represents a clinically useful marker of BP related risk 
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that, when derived from peripheral arteries, provides clinically important information 

related to central artery hemodynamics.  

Finally, study 4 (Chapter 5) examined the relationship of excess pressure to directly 

measured blood flow velocity. As predominantly a component of systolic BP waveform 

morphology, excess pressure is modified between central and peripheral arteries. Thus, 

it was unknown if previous observations of the equivalency of central artery excess 

pressure to aortic blood flow were applicable in peripheral arteries. Among 97 individuals, 

intra-arterial BP was recorded via a fluid-filled catheter, and flow velocity was measured 

via Doppler ultrasonography at the brachial and radial arteries. This study found that in 

both time and frequency domain analyses, excess pressure derived from brachial and 

radial arteries was analogous to blood flow velocity, thus affording the opportunity to 

derive information related to arterial flow using only the BP waveform. These findings 

are expected to have clinical utility as they may help refine methods for non-invasive 

hemodynamic monitoring used in the management of the critically ill.   

In summary, the ab-ratio has limited value as a marker of central-to-peripheral vascular 

properties as shown in study 1. The second study is the first sufficiently large and robust 

investigation of central-to-peripheral intra-arterial BP differences, where it was found 

that the systolic component of BP waveform morphology is, on average, amplified, albeit 

with major inter-individual variability. Conversely, in study 3 it was discovered that the 

diastolic rate constant, a parameter derived via the reservoir-excess pressure model 

related to diastolic waveform morphology, was uniform in both absolute value and 

association with risk when derived from central and peripheral arteries and may facilitate 

the assessment of risk related to central artery hemodynamics. Finally, study 4 showed 

that excess pressure derived from peripheral artery BP waveforms was analogous to flow 

velocity and may lead to improvements in non-invasive hemodynamic monitoring 

applicable to the clinical setting. Altogether, this thesis provides a body of new 

information on central-to-peripheral artery hemodynamics and identifies clinically useful 

parameters derived from reservoir-excess pressure analysis of the underlying BP 

waveform. These findings could lead to real-world improvements in the assessment of 

BP related cardiovascular risk and better BP risk phenotyping. 
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Preface 

Cardiovascular disease (CVD) is the leading cause of morbidity and mortality worldwide, 

and high blood pressure (BP) the greatest risk factor for CVD. 1,2 In 2010, between 1.13 

and 1.4 billion individuals had high BP (systolic BP >140 and diastolic BP >90 mmHg), 

and increasing the coverage of treatment for high BP could prevent 39 million deaths 

over 25 years. 3,4 Upper arm (brachial) cuff measured systolic and diastolic BP is the 

clinical standard for the diagnosis and management of high BP and was initially thought 

to be analogous to the central (aortic) BP, which represents the true pressure load 

experienced by major organs (heart, kidneys, and brain). However, due to differences in 

vascular properties between central and peripheral arteries, there is variation in arterial 

hemodynamics measured at discrete arterial sites. 5–7 However, this notion has been 

oversimplified and its consequences underappreciated in previous literature. A better 

understanding of the hemodynamic variation between central and peripheral arteries may 

facilitate a more accurate assessment of the true pressure load experienced by the organs 

and better assessment of BP related risk. 

Greater knowledge of central-to-peripheral artery hemodynamics would have important 

clinical implications, but many issues remain unresolved. For example, the reservoir-

excess pressure model has emerged as a heuristic approach to the analysis of the 

underlying BP waveform and may have value for improving the understanding of central-

to-peripheral artery hemodynamics. Key reservoir-excess pressure parameters include 

reservoir and excess pressure and systolic and diastolic rate constants. Numerous studies 

have highlighted both the physiological and clinical value of these model parameters 

(studies 3 and 4 of this thesis contribute additional data to this area), 8–11 but this 

information has never been discussed collectively in a published peer-reviewed article. 

Therefore, the first aim of this thesis was to bring together previous studies discussing 

the physiological and clinical value of reservoir-excess pressure parameters and identify 

areas for future research. 

Broadly, from central-to-peripheral arteries, arterial stiffness increases, diameter 

decreases, and numerous branching arteries arise, redirecting blood flow around the body. 

12 The aorta and its major branches are predominantly large elastic arteries and facilitate 

the cushioning function of the arterial system. 12 Whereas, the peripheral arteries (such 

as the brachial and radial arteries) are predominantly smaller stiff muscular arteries. 
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Recently, the ratio of aortic-to-brachial artery stiffness (ab-ratio) has been shown to have 

possible clinical utility as a vascular risk marker encompassing information on both 

central and peripheral vascular properties. 13 Importantly, the ab-ratio has been shown to 

be independent of BP, that is, it represents the intrinsic stiffness of the arterial wall and 

could, therefore, be valuable for the assessment of central-to-peripheral vascular 

properties. 14 However, the BP independence of the ab-ratio has only been examined 

among higher risk individuals with known vascular disease. This is an important 

consideration as there are major haemodynamic differences between individuals with and 

without vascular disease. 15 The second aim of this thesis determined the relationship 

between the ab-ratio and BP among healthy individuals and higher risk individuals with 

known or with a greater risk vascular disease, as evidenced by the presence of 

hypertension or type 2 diabetes. 

Differences in central-to-peripheral vascular properties leads to the amplification of 

pulsatile components of BP waveform morphology. 5,12 Therefore, conventional brachial 

BP is not representative of the clinically relevant aortic BP. 16 With a view to deriving a 

more clinically useful BP, pulse-wave analysis techniques have been developed which 

purport to estimate aortic BP and associated hemodynamic indices via transformation of 

the peripheral (radial) artery BP waveform. 17 Additionally, there is a burgeoning market 

of wrist-based wearable devices that claim to measure a clinically useful BP from the 

underlying hemodynamics at the radial artery. However, both conventional pulse-wave 

analysis techniques and new wrist-based BP devices assume that the hemodynamics 

measured at the brachial and radial arteries are equivalent. On average, systolic BP 

between the aorta and brachial artery is amplified due, in part, to the influence of changes 

in vascular properties. 6 Moreover, changes in vascular properties do not cease at the 

brachial artery but continue distally to the radial artery and beyond. 18,19 This would 

suggest that amplification or distortion of the systolic component of BP waveform 

morphology would occur along the brachial-to-radial pathway also. However, there has 

never been a large and robust study looking at the differences in BP between the brachial 

and radial arteries using intra-arterial BP data. This was the third aim of this thesis.  

Central artery hemodynamics, including parameters derived via reservoir-excess pressure 

analysis of the central artery BP waveform, have been shown to predict CVD risk above 

and beyond conventional brachial BP but are impractical to measure directly in routine 
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clinical practice. 20–22 Unlike systolic BP waveform morphology, components of diastolic 

waveform morphology are somewhat consistent between central and peripheral arteries. 

12 Moreover, reservoir-excess pressure model parameters related to diastolic waveform 

morphology have been shown to be relatively uniform throughout the arterial tree. 23,24 

Therefore, using the reservoir-excess pressure model, it may be possible to derive 

clinically relevant information from the diastolic component of the peripheral artery BP 

waveform, which is representative of the central artery hemodynamic load, but this has 

never been examined. The fourth aim of this thesis identified which of the reservoir-

excess pressure model parameters are most consistent and have similar associations with 

target-organ damage across central and peripheral arteries. 

Continuous hemodynamic monitoring is highly sought after in the clinical setting for the 

management of the critically ill. As a result of the strong relationship between BP and 

blood flow, attempts have been made to estimate blood flow via a detailed analysis of the 

BP waveform. 25–28 Indeed, devices that estimate blood flow from the BP waveform are 

currently used in the clinical practice but suffer from inaccuracy during hemodynamic 

instability, a common occurrence in the critically ill. 29 When derived from central artery 

BP waveforms via reservoir-excess pressure analysis, excess pressure has been shown to 

be analogous to blood flow velocity. 11,30 In the aorta, excess pressure will be related to 

blood flow through the characteristic impedance of the aorta. 31 However, excess pressure 

is predominantly related to systolic waveform morphology and is amplified between 

central and peripheral arteries. 32 It remains to be determined if the relationship of excess 

pressure to blood flow is maintained in the peripheral arteries or if central-to-peripheral 

amplification of excess pressure attenuates this relationship. The fifth aim of this thesis 

determined the equivalency of excess pressure to blood flow velocity, with a focus on 

excess pressure derived from peripheral artery BP waveforms. 
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This thesis consists of individual studies and manuscripts that have been published, 

submitted or are in final preparation for submission to peer-reviewed scientific journals. 

Studies presented within the thesis are, for the most part, presented as they appear in their 

final published form. Only slight modifications to writing style and grammar, which do 

not alter the results and conclusions of the individual studies have been made for clarity 

and consistency of presentation throughout the thesis. The contribution of each study to 

the thesis aims is outlined at the end of each chapter. 
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Thesis aims 

Aim 1: To bring together previous studies discussing the physiological and clinical value 

of reservoir-excess pressure parameters and identify areas for future research. 

Aim 2: To determine the utility of the ratio of central to peripheral artery stiffness as a 

vascular risk marker. 

Aim 3: To determine the differences in blood pressure between central and peripheral 

arteries. 

Aim 4: To determine the utility of reservoir-excess pressure parameters for understanding 

central and peripheral artery hemodynamics. 

Aim 5: To determine the value of peripheral artery excess pressure as an analogue of 

flow. 
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Chapter 1 Review of the literature. Physiological and clinical insights 

from reservoir-excess pressure analysis 

 

This thesis chapter has been submitted for publication as part of an invited review at the 

journal of Frontiers in Physiology, Vascular Physiology and addresses Aim 1 of this 

thesis. 

Armstrong MK, Schultz MG, Hughes AD, Picone DS, Sharman JE. Physiological and 

clinical insights from reservoir-excess pressure analysis. Frontiers in Vascular 

Physiology. 2020. Invited manuscript. Submitted. 
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1.1 Abstract 

There is a growing body of evidence indicating that reservoir-excess pressure model 

parameters provide physiological and clinical insights above and beyond standard blood 

pressure (BP) and pulse waveform analysis. This information has never been collectively 

examined and was the aim of this review. Cardiovascular disease is the leading cause of 

mortality worldwide, with BP as the greatest cardiovascular disease risk factor. However, 

brachial systolic and diastolic BP provide limited information on the underlying BP 

waveform, missing important BP related cardiovascular risk. A comprehensive analysis 

of the BP waveform is provided by parameters derived via the reservoir-excess pressure 

model, which include reservoir pressure, excess pressure, and systolic and diastolic rate 

constants and Pinfinity (P∞). These parameters, derived from the arterial BP waveform, 

provide information on the underlying arterial physiology and ventricular-arterial 

interactions otherwise missed by conventional BP and waveform indices. Application of 

the reservoir-excess pressure model in the clinical setting may facilitate a better 

understanding and earlier identification of cardiovascular dysfunction associated with 

disease. Indeed, reservoir-excess pressure parameters have been associated with sub-

clinical markers of end-organ damage, cardiac and vascular dysfunction, and have been 

shown to predict cardiovascular events and mortality beyond conventional risk factors. 

In the future, greater understanding is needed on how the underlying physiology of the 

reservoir-excess pressure parameters informs cardiovascular disease risk prediction over 

conventional BP and waveform indices. Additional consideration should be given to the 

application of the reservoir-excess pressure model in clinical practice using new 

technologies embedded into conventional BP assessment methods. 

Keywords: hemodynamics, blood flow, modelling, windkessel, waves 
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1.2 The burden of cardiovascular disease and hypertension 

Cardiovascular disease (CVD) remains the leading cause of mortality globally, despite 

improvements in the management and prevention of CVD over the last 15 years. 33,34 More 

recently, the rate of decline in CVD mortality has abated in several high-income countries, 

highlighting a need for concerted efforts to improve CVD prevention and management. 34,35 

One potential area for improvement is in the assessment and control of blood pressure (BP). 36 

High BP (hypertension) is the leading risk factor for CVD, afflicting 1.1 billion individuals 

globally. 1,37 A 25% reduction in the prevalence of hypertension could prevent 1.7 million 

deaths per year. 3 Thus, BP measurement is one of the most important clinical tests, and 

accurate assessment of BP associated CVD risk is critical for improving clinical outcomes. 

BP is conventionally measured using an inflatable cuff at the upper arm, from which the 

systolic and diastolic BP are estimated. Automated oscillometric devices use algorithms 

applied to data from the digitally recorded arterial pressure waveform during cuff deflation. 

This oscillometric method of BP assessment increasingly supersedes the auscultatory technique 

that was first popularised in the 1896 paper by Scipione Riva-Rocci. 38,39 Despite its age, non-

invasive cuff measured BP remains the clinical standard for the diagnosis and management of 

hypertension worldwide. However, even when BP is measured and managed appropriately 

(according to guidelines), there remains a portion of BP related CVD risk not attributable to 

systolic and diastolic BP alone.40 This suggests that conventionally measured systolic and 

diastolic BP does not provide a comprehensive picture of the harm caused by raised BP. Indeed, 

systolic, and diastolic BP represent only the peak and nadir of an otherwise complex and 

featured BP waveform (Figure 1.1). Therefore, there may be clinically important information 

embedded within the BP waveform that is missed by systolic and diastolic BP alone. 41 In line 

with Aim 1 of this thesis, this review will discuss the reservoir-excess pressure model, a novel 

method of BP waveform analysis, and the extent to which model parameters provide important 

insights into arterial physiology and BP related risk. As stated in Aim 1, we will also outline 

potential areas for future research. 
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Conventional blood pressure (BP) assessment methods employ the oscillometric or manual auscultatory method to derive values for systolic and 

diastolic BP and provide little information on the underlying arterial BP waveform. Systolic BP is the peak of the arterial BP waveform and 

diastolic BP the nadir. Pulse pressure is the difference between systolic and diastolic BP.  

 

Figure 1.1. Derivation of systolic and diastolic blood pressure (BP) from the underlying BP waveform. 
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1.3 The arterial pulse 

Knowledge of the relationship between the arterial pulse (the physical manifestation of the BP 

waveform) and disease dates back to the Ancient Egyptians in 1550 BC. 42 In 1863 Marey 

provided the first continuous non-invasive recordings of the BP waveform using the 

sphygmograph, a mechanical device that amplified the applanated pulse through a system of 

levers. 43 More recently, high-fidelity non-invasive transducers that digitally record the BP 

waveform from superficial arteries has facilitated the use of pulse-wave analysis as a tool for 

CVD risk assessment. 17 In its most basic form, pulse-wave analysis derives indices from 

morphological features defined by inflection points on the BP waveform, as well as area under 

the curve analysis (Figure 1.2). However, data relating these conventional pulse-wave analysis 

indices to hard clinical outcomes are inconsistent.17,44–46 Equally problematic is the lack of 

consensus regarding the physiological interpretation of pulse-wave analysis indices. For 

example, augmentation index is widely purported to be indicative of wave reflection or 

vascular stiffness. Yet, consensus documentation recommends against the use of augmentation 

index as a marker of arterial stiffness and the notion of aortic augmentation index arising from 

discrete wave reflections has been debunked. 47–50 Likewise, the textbook notion that dP/dt max 

(a parameter derived from pulse-wave analysis) represents cardiac contractility has also been 

discredited using invasive data in humans. 51 Furthermore, evidence suggests a more 

comprehensive understanding of the risk posed by BP may be achieved through assessment of 

central (aortic) BP as opposed to conventional brachial BP measures. 17 In this regard, pulse-

wave analysis has been used to estimate aortic systolic and diastolic BP via a generalised 

transfer function or proprietary algorithm. 52–57 Accurate assessment of aortic BP would likely 

provide incremental clinical value to standard brachial cuff BP risk stratification. However, 

estimation of aortic BP by conventional pulse-wave analysis assumes little to no difference in 

BP between the brachial and radial arteries, but this has never been confirmed. The aim of 

Chapter 3 of this thesis was to determine the differences in BP between central and peripheral 

arteries, with particular focus on the differences in BP between the brachial and radial arteries. 

Still, assessment of aortic systolic and diastolic BP alone has similar shortcomings as 

conventional brachial cuff BP measures by providing little detail of the underlying BP 

waveform beyond its extremes. On the other hand, parameters derived from the reservoir-

excess pressure model have shown promise in providing additional physiological and clinical 

insights relating to the underlying BP waveform beyond standard systolic and diastolic BP or 

pulse-wave analysis techniques. Therefore, the reservoir-excess pressure model represents a 
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potential opportunity to improve the information obtained from BP measurement, including 

offering the potential for earlier and more accurate identification of BP-related cardiovascular 

risk. 
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Intra-arterial aortic blood pressure measured continuously over one cardiac cycle and overlaid with parameters derived via conventional pulse-

wave analysis. dP/dt max is the point at which the rate of increase in pressure is highest. P1 is the anacrotic notch or first systolic inflection point 

and P2 is the systolic blood pressure. Augmentation pressure (AP) is the difference between P1 and P2 and is used, along with pulse pressure (PP), 

to calculate augmentation index (AIx), a common pulse-wave analysis index (AIx = AP/PP). Incisura, or the dicrotic notch, marks the end of 

systole and closure of the aortic valve. Tr is the time to P1 and systolic and diastolic duration is the length of time spent in cardiac contraction and 

relaxation, respectively.  

Figure 1.2. An example of an aortic BP waveform overlaid with parameters derived via conventional pulse-wave analysis. 
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1.4 Key reservoir-excess pressure model parameters 

The reservoir-excess pressure model provides a heuristic approach to the analysis of the arterial 

BP waveform, interpreting it as a composite of reservoir pressure and excess pressure. 30,58 Key 

parameters derived from this model include reservoir pressure and excess pressure (quantified 

either as integrals or peaks), systolic and diastolic rate constants, and P∞, the asymptotic 

minimum of the diastolic decay in pressure (Figure 1.3). Though still in its infancy, there is a 

growing body of work detailing the physiological and clinical insights provided by the 

reservoir-excess pressure model (see Table 1.1), yet these data have never been brought 

together and discussed collectively. In the following pages, we outline the data relating to the 

physiological representation of each of the reservoir-excess pressure parameters (physiological 

studies) and how this underlying physiology may relate to the independent risk predictive value 

of each reservoir-excess pressure parameter (clinical studies).  
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Parameters derived from an ensemble averaged intra-arterial aortic blood pressure waveform via reservoir excess pressure analysis. Parameters 

may be measured as peak or integral (area under the curve) values of the reservoir and excess pressure curves. Shaded areas represent model 

parameters derived by the integration of the reservoir and excess pressure curve. The systolic and diastolic rate constants represent the rate of 

increase and decrease of the reservoir pressure, respectively. P∞ is the asymptote of the diastolic BP decay and is assumed to represent the BP at 

which flow through the microcirculation stops. 

Figure 1.3. An example of an aortic BP waveform overlaid with parameters derived via reservoir-excess pressure analysis. 
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Table 1.1. Studies of reservoir-excess pressure parameters associated with cardiovascular risk. 

Study N Age Male 

(%) 

Method Site GTF 

used? 

Findings 

 

Reservoir pressure parameters and CV events and mortality 

Hametner21, 2014 674 64±NA 57 Tonometry Radial Y Pr peak predicts CV events and mortality (3.8 years FU) 

Davies8, 2014 2069 63±8 81 Tonometry Radial N Pxs integral predicts CV events (3.4 years FU) 

Narayan20, 2015 838 65 - 84 46 Tonometry Carotid N Ks predicts CV events (4.4 years FU) 

Cheng22, 2016 1272 52±13 54 Tonometry Carotid N Pr peak & integral, Ks, and Kd predict CV mortality (19.8 

years FU) 

2211 53±12 46 Tonometry Radial Y Ks and Kd predict CV mortality (10 years FU) 

Wang59, 2017 70 63±18 47 Tonometry Carotid N Pxs integral predicts total mortality (9.9 years FU) 

Schneider60, 

2018 

251 64±NA 71 Tonometry Radial NA Pxs integral predicts CV events (3.4 years FU) 

Fortier61, 2019 260 70±NA 60 Tonometry Carotid N Pxs integral & Ks predict all cause & CV mortality (2.7 years 

FU) 

Behnam9, 2019 2539 63±11 42 Tonometry Carotid N Pr peak, Ks and Kd predict CVD events (15.1 years FU) 

Reservoir pressure parameters and CV risk markers 

Sharman48, 2009 16 62±10 82 Tonometry Radial N Pr peak positively correlates with AIx  

Davies62, 2010 15 53±10 62 Catheter Aorta NA Pr integral positively correlates with AIx 

Piskorski63, 2013 159 51±1 45 Tonometry Radial NA Pxs integral positively correlates with AP 

Climie64, 2014 37 52±8 51 Tonometry Radial N Pxs integral inversely correlates MRI grey matter volume 
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Davies8, 2014 2069 63±8 81 Tonometry Radial N Pxs integral positively correlates with cIMT 

Davies8, 2014 2069 63±8 81 Tonometry Radial N Pr & Pxs integral positively correlates with LVMI  

Schultz65, 2015 359 61±9 49 Tonometry Radial N Pr integral positively correlates with AP, AIx, and LVMI 

Climie66, 2017 33 57±9 55 Tonometry Radial N Change in Pxs integral inversely correlates with the change in 

eGFR 

Data are mean ± SD unless stated otherwise. GTF, generalised transfer function; Pr, reservoir pressure; CV, cardiovascular; FU, follow up; Pxs, 

excess pressure; Ks, systolic rate constant; Kd, diastolic rate constant; AIx, augmentation index; AP, augmentation pressure; MRI, magnetic 

resonance imaging; cIMT, carotid intima media thickness; LVMI, left ventricular mass index; eGFR, estimated glomerular filtration rate. GTF 

= Y identifies those studies where a generalised transfer function was used to synthesise an aortic pressure waveform from a peripheral artery 

waveform. Studies were identified through snowballing and PubMed and Google scholar searches using the search terms “reservoir pressure”, 

“excess pressure”, “systolic rate constant”, “diastolic rate constant” and “windkessel”. 
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1.5 Reservoir-excess pressure parameters, physiological and clinical data  

1.5.1 Reservoir pressure 

Physiological studies. During systole, blood flow into the aorta exceeds outflow resulting in 

increased aortic volume. The large elastic arteries (particularly the proximal aorta) act as a 

dynamic capacitor for blood volume to which a pressure can be ascribed. This pressure, 

attributable to changes in arterial blood volume, was termed the Windkessel pressure by Frank. 

67 In the reservoir-excess pressure model, the windkessel pressure assumes the name of 

reservoir pressure; though they are similar in concept, there are nuanced differences between 

the windkessel and reservoir pressure that necessitate the notational distinction. 68,69 In 

particular this distinction emphasizes that reservoir pressure arises from waves and propagates 

along the arterial tree at a finite speed, whereas the Windkessel pressure is assumed to have a 

non-physiological infinite wave speed.  

Upon first outlining their reservoir-excess pressure model, Wang et al. 30 showed that the 

mathematically derived reservoir pressure was proportional to cyclic variations in aortic 

volume over the cardiac cycle in the dog aorta. More recently, the equivalency of reservoir 

pressure to changes in aortic volume has been shown in man (Figure 1.4). 10 The capacity of 

the large elastic arteries to expand and buffer the rapid influx of blood volume from the heart 

during systole theoretically protects distal vessels from potentially damaging pulsatile 

hemodynamics. 70,71 In this regard, reservoir pressure may be considered a composite marker 

dependent on multiple factors, including left ventricular output, global arterial compliance, 

systemic arterial resistance, and aortic characteristic impedance.  

Increased aortic stiffness (i.e., reduced large artery compliance) is an established independent 

risk factor for CVD and all-cause mortality and may, at least partly, underlie the association of 

reservoir pressure and CVD risk, where a high reservoir pressure indicates higher arterial 

stiffness and worse cardiovascular outcomes. 15 Furthermore, several numerical works have 

explored the theoretical basis of the reservoir pressure. 72–74 Parker et al. 72 have shown that the 

reservoir pressure represents the theoretical minimum hydraulic work performed by the left 

ventricle to generate a stroke volume. Consequently, a higher reservoir pressure would suggest 

that greater work would be needed to be performed by the heart in order to eject a given stroke 

volume. This hypothesis helps explain previously observed associations between reservoir 

pressure and left ventricular mass index (LVMI). 8,65  



42 

 

Moreover, the reservoir pressure is associated with systolic BP and pulse pressure but is 

relatively uniform throughout the arterial tree. 23,24 Therefore, the CVD risk predictive value of 

reservoir pressure derived from central artery BP waveforms may apply to reservoir pressure 

measured from peripheral artery locations as well. This is a potentially important concept as it 

provides a rationale for facilitating the accurate estimation of central artery reservoir-excess 

pressure indices from peripheral artery waveform recordings. Altogether, the reservoir pressure 

may provide useful information relating, not only to global arterial properties, but also to the 

hemodynamic load experienced by the heart and ventricular-arterial coupling. 

Clinical studies. In prospective studies, both the peak and integral of reservoir pressure derived 

from central artery BP waveforms have been shown to predict cardiovascular events and 

mortality independently of conventional CVD risk factors. 9,21,22 In 674 individuals with an 

indication for a coronary angiography procedure, Hametner et al. 21 found the integral of 

reservoir pressure was predictive of mortality and cardiovascular events (myocardial infarction, 

stroke, and revascularization). Notably, model parameters were derived from non-invasively 

recorded BP waveforms and adjustment for confounders in multivariable models was 

comprehensive, bar the omission of systolic BP.  

In a separate study comprising 1272 individuals with untreated hypertension and normotensive 

individuals, both the peak and integral of reservoir pressure were predictive of cardiovascular 

mortality. 22 In this study, adjustment for traditional cardiovascular risk factors was wide-

ranging, but models were not adjusted for heart rate. Moreover, in the same study, the 

reproducibility of the prognostic value of reservoir pressure (peak and integral) was tested in 

an independent community-based cohort free of CVD (n=2211), and neither the peak nor 

integral of reservoir pressure remained significant for predicting cardiovascular mortality. 22  

Finally, in 2539 individuals from a community-based Framingham Heart Study cohort, the 

integral of reservoir pressure was related to cardiovascular events, including myocardial 

infarction, coronary insufficiency, heart failure, and stroke. Importantly, these relationships 

remained after adjustment for traditional CVD risk factors, including systolic BP and heart rate, 

providing arguably the most robust evidence for the CVD risk predictive value of the reservoir 

pressure to date. 9 In a sub-study of the Anglo-Scandinavian Cardiac Outcome trial reservoir 

pressure derived from untransformed peripheral artery waveforms was not associated with 

increased risk of cardiovascular events; whether this difference relates to the sample studied or 

the use of peripheral rather than central estimates of reservoir pressure is unknown. 8 In two 
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cross-sectional studies, it has been shown that reservoir pressure derived from radial artery BP 

waveforms is positively associated with LVMI. 8,65 These findings from independent 

investigators suggests that reservoir pressure derived from peripheral artery BP waveforms 

may share prognostic value with reservoir pressure derived from central artery waveforms.  
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Relationship of reservoir pressure (dashed line) derived via the reservoir-excess pressure model and aortic volume measured via ultrasound in 9 

individuals undergoing coronary artery bypass surgery (left). Reservoir pressure and aortic volume were scaled for presentation. Change in aortic 

volume over the cardiac cycle is well matched by reservoir pressure (R2 = 0.95, max cross-correlation r = 0.97). From Schultz et al. 10 

 

Figure 1.4. Relationship of reservoir-excess pressure and aortic volume in human. 



45 

 

1.5.2 Excess pressure 

Physiological studies. Excess pressure is calculated as the difference between total 

measured BP and reservoir pressure and has been proposed to represent additional or 

‘unnecessary’ work performed by the heart in ejecting the stroke volume. 72 Consequently, 

elevated excess pressure may be indicative of an inefficient interaction between the 

ventricular and vascular systems, and representative of superfluous hemodynamic load 

on the heart. Assuming an average heart rate of 70 beats per minute, the heart beats ≈100 

thousand times per day, it is not hard to imagine that even small inefficiencies compound 

over time, leading to structural adaptations in the heart and adverse cardiovascular-related 

outcomes (consistent with previously observed associations of excess pressure with 

LVMI and cardiovascular events). 65,75  

When derived from aortic or carotid BP waveforms, excess pressure is proportional to 

aortic blood flow. 11,30 Notably, the equivalency of excess pressure and flow has 

previously only been examined in the aorta of dogs and the carotid arteries of elderly 

hypertensive humans. Viewing the circulatory system as 3-element Windkessel 

(Westkessel), the equivalency of excess pressure to flow arises due to the constant of 

proportionality between excess pressure and aortic flow which should be related to the 

characteristic impedance of the aorta. 69 Nonetheless, the relationship between peripheral 

artery excess pressure and blood flow velocity is unknown. This is important to discern 

because excess pressure is amplified from central to peripheral arteries and thus, previous 

relationships observed in the central arteries may not persist at peripheral artery locations. 

23 The aim of Chapter 5 of this thesis was to determine the relationship of excess pressure 

to blood flow velocity derived from peripheral artery BP waveforms. The relationship of 

excess pressure to aortic blood flow may partly explain associations between excess 

pressure and markers of CVD, such as carotid intima-media thickening, reductions in 

brain grey matter volume, and reduced renal function. 8,64,66 For these reasons, excess 

pressure may be indicative of local hemodynamic forces linked to endothelial dysfunction 

and site-specific predilection for atherosclerotic disease. 

Clinical studies. In a longitudinal study among 2069 individuals participating in a 

randomized clinical trial of antihypertensive therapy, Davies et al. 8 showed that the 

integral of excess pressure was predictive of adverse cardiovascular events independent 

of traditional CVD risk factors, including systolic BP. A notable feature of this study was 
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the use of the un-transformed radial artery BP waveform for the derivation of excess 

pressure. Because non-invasive recording of radial artery BP waveforms is somewhat 

uncomplicated, excess pressure may represent a suitable candidate for translation into the 

clinical setting.  

Similar findings from other prospective studies have shown that the excess pressure 

integral is predictive of cardiovascular events and mortality, and all-cause mortality 

among individuals with heart failure, acute coronary syndrome or end-stage renal disease. 

59–61 Furthermore, among healthy individuals, the excess pressure integral has been shown 

to predict declining renal function, but this was observed in a small sample with limited 

adjustment for confounders (age, sex, body mass index, systolic BP and heart rate). 66  

New data from a Framingham Heart Study community-based cohort with a 15 year follow 

up showed that the excess pressure amplitude but not excess pressure integral estimated 

from carotid artery tonometry using a pressure-dependent rate constants was associated 

with future cardiovascular events after adjustment for age and sex but this was attenuated 

after further adjustment for conventional cardiovascular risk factors. 9 It is uncertain 

whether differences between this finding and previous studies reflect differences in the 

study sample (the Framingham Heart Study cohort was free of overt CVD), or the use of 

carotid as opposed to peripheral waveforms. Notably, excess pressure derived from 

carotid artery BP waveforms was not significantly associated with cardiovascular 

outcomes in the Second Australian National Blood Pressure Study cohort. 20 It is possible 

that the value of excess pressure as a predictor of CVD risk may be most applicable 

among individuals with higher baseline CVD risk. Indeed, excess pressure in the 

Framingham Heart Study cohort was lower (median 5.3 mmHg.s; interquartile range 4, 

7.1 mmHg.s) and had fewer individuals with high excess pressure compared to values 

previously reported by Davies et al. 8 among individuals with hypertension (6 mmHg.s; 

interquartile range 1.8, 17.0 mmHg.s).  

Lastly, cross-sectional associations of excess pressure include LVMI (positive 

association), carotid intima-media thickness (positive association), and brain grey matter 

volume (negative association). 8,64 Consistent with excess pressure representing the 

superfluous work performed by the heart, high excess pressure would result in increased 

LVMI and greater cardiac dysfunction. Associations with carotid intima-media thickness 

and loss of brain grey matter volume may owe to high excess pressure representing the 
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transmission of damaging pulsatile wave energy into the peripheral vasculature. Thus, 

high excess pressure may be a useful marker denoting early identification of both cardiac 

and vascular dysfunction. Notably, cross-sectional associations of excess pressure have 

only been reported among clinical populations (individuals with hypertension or type 2 

diabetes). Still, these data help understand the predictive value of excess pressure for 

cardiovascular events and mortality and all-cause mortality. 

1.5.3 Diastolic rate constant 

Physiological studies. The diastolic rate constant is a parameter derived from the reservoir 

pressure curve. Therefore, much of the discussion regarding the physiology of the 

reservoir pressure is relevant to the diastolic rate constant as well. Briefly, in a young, 

healthy individual, the large elastic arteries (particularly the proximal aorta) expand 

during systole to accommodate blood volume ejected from the heart. During diastole, the 

aortic valve is closed, flow into the aorta stops and the large arteries recoil, buffering the 

pressure as it falls to diastolic BP. With these points in mind and as described above, the 

instantaneous volume of blood stored within the large arteries is termed the reservoir 

pressure. 

The rate at which reservoir pressure decays during diastole is described by the diastolic 

rate constant (Figure 1.3). Estimates of the diastolic rate constant are similar when 

measured from central or peripheral artery locations. 23 The diastolic rate constant is 

simply the inverse of the time constant (tau) of the diastolic decay, which is proportional 

to the product of arterial resistance and compliance. As such, tau is widely used in the 

estimation of systemic arterial compliance; given systemic vascular resistance can be 

calculated from mean BP divided by mean blood flow, compliance can be estimated using 

the area under the diastolic curve above P∞. 76 Thus, in a Windkessel model, the diastolic 

rate constant is dependent on the resistance to the discharge of the reservoir pressure (as 

determined by systemic vascular resistance) and the systemic arterial compliance. During 

systole, the heart produces kinetic energy in the form of the stroke volume. By increasing 

their diameter, the large arteries store most of this kinetic energy as potential energy in 

the elastic arterial wall, which is then converted back into kinetic energy to produce 

continuous flow during diastole. In an older individual with less compliant large arteries, 

the large artery buffering function is lost, which will lead to increased systolic BP. With 

reductions in both systemic vascular resistance and arterial compliance, discharge of the 
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reservoir pressure occurs faster for a given stroke volume, and the rate of diastolic decay 

is increased. A higher diastolic rate constant could lead to greater transmission of 

detrimental pulsatile forces into the peripheral vasculature potentially causing end-organ 

damage. This may be one mechanism underpinning previously observed associations 

between the diastolic rate constant and cardiovascular events and mortality.  

The diastolic rate constant is dependent on systemic arterial resistance and global 

arterial compliance and is aligned with mid-to-late diastolic waveform morphology. 

Therefore, the diastolic rate constant may be somewhat uniform when measured from 

central or peripheral artery locations. 23 As such, the diastolic rate constant may be 

representative of the hemodynamic load in the central arteries. The aim of Chapter 4 of 

this thesis was to determine the utility of reservoir-excess pressure parameters for 

understanding central and peripheral artery hemodynamics, with focus on model 

parameters related to diastolic waveform morphology. 

Clinical studies. There is a relative dearth of studies reporting on the risk predictive value 

of the diastolic rate constant. In one study reporting data from two independent cohorts, 

one healthy community-based and one consisting of normotensive and untreated 

hypertensive individuals, Cheng et al. 22 have shown after adjusting for multiple 

traditional cardiovascular risk factors (including age, sex, systolic BP, body mass index, 

fasting glucose, triglycerides, low-density lipoprotein cholesterol, high-density 

lipoprotein cholesterol, smoking, and alcohol), a higher diastolic rate constant 

independently predicted cardiovascular mortality. Similarly, among the healthy 

community-based Framingham Heart Study cohort, the diastolic rate constant was 

predictive of cardiovascular events in models adjusted for traditional CVD risk factors 

(including age, sex, total cholesterol, high-density lipoprotein cholesterol, smoking, 

antihypertensive medication, and diabetes mellites). 9 However, the relationship between 

the diastolic rate constant and cardiovascular risk was attenuated after additional 

adjustment for systolic BP and heart rate.  

Conversely, among 838 elderly hypertensive individuals, the diastolic rate constant was 

not significantly associated with incident cardiovascular events. 20 A potential limitation 

of this study was that the primary end point (fatal and nonfatal stroke and myocardial 

infraction) was only observed in 43 patients, thus, limiting the power of the study and 

increasing the possibility of a false negative result. In patients with end-stage renal disease, 
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the diastolic rate constant was positively associated with all-cause and cardiovascular 

mortality, but this association was attenuated to the null in multivariable models adjusted 

for heart rate, age, sex, comorbidities, type of dialysis, dialysis vintage and carotid-to-

femoral pulse-wave velocity. 61  

There are some notable differences in methodology between the aforementioned studies, 

which may have contributed to the divergent findings. The diastolic rate constant seems 

to exhibit better risk predictive value in studies conducted among healthy individuals and 

thus may be a more sensitive marker of cardiovascular risk in these populations. 

Additionally, different methods were used to calibrate non-invasively recorded BP 

waveforms between studies (systolic and diastolic BP or mean and diastolic BP 

calibration). However, the influence of the calibration method is not evident in these 

studies and two of the studies discussed above present data for both calibration methods 

with no difference to the principal results. 22,61  

To the best of our knowledge, there have been no reported cross-sectional associations of 

the diastolic rate constant with end-organ markers of cardiovascular risk. Given the 

physiological dependence of the diastolic rate constant on systemic arterial compliance, 

it would be valuable to determine associations of the diastolic rate constant with markers 

of target organ damage.  

1.5.4 Systolic rate constant 

Physiological studies. The systolic rate constant, like the diastolic rate constant, is derived 

from the reservoir pressure curve and is therefore also intimately related to it. The 

physiology underpinning the reservoir pressure has been discussed in detail above. 

Pertaining to the systolic rate constant, as blood volume is ejected from the heart during 

systole, the arterial reservoir increases; the rate at which the reservoir pressure increases 

is quantified by the systolic rate constant. As such, the systolic rate constant will show 

some inverse relationship with the aortic characteristic impedance and systemic arterial 

compliance, which may account for associations with cardiovascular risk reported in 

some studies. 9,20,22 Aortic stiffness increases with age and forms part of the pathology of 

CVD, leading to higher pulse pressure and increased transmission of pulsatile forces into 

the peripheral vasculature,15 or adverse effects on left ventricular structure and function. 

Furthermore, aortic characteristic impedance is also influenced by aortic diameter. Aortic 

diameter has previously been implicated as a potential mechanism in the progression of 
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pulse pressure increases among individuals with hypertension. 77,78 Altogether, the 

systolic rate constant likely represents a marker comprising information related to 

ventricular-arterial interaction, ventricular load, and large artery stiffness, where a higher 

systolic rate constant might be expected to be associated with lower cardiovascular risk. 

Clinical studies. The systolic rate constant has been shown to have predictive value for 

cardiovascular events and mortality in healthy community-based cohorts and cohorts with 

disease. 9,20,22,61 However, the direction of associations between the systolic rate constant 

and adverse outcomes across these previous studies are inconsistent. Firstly, in 3483 

healthy and untreated hypertensive individuals across two prospective cohorts, higher 

systolic rate constant has been shown to predict higher cardiovascular mortality and 

performed better than conventional pulse-wave analysis indices, including augmentation 

index and augmentation pressure and conventional brachial pulse pressure (adjusted 

hazards ratio = 1.18). 22 Similarly, among individuals free of overt CVD, results from the 

Framingham Heart Study analysis have shown that lower systolic time constant (the 

inverse of the systolic rate constant) was predictive of reduced risk of cardiovascular 

events (adjusted hazards ratio = 0.92).9 In contrast, among individuals with hypertension, 

it has been shown that higher systolic rate constant predicted fewer future cardiovascular 

events (adjusted hazards ratio = 0.33). 20 Moreover, in a patient population with end-stage 

renal disease, it has been shown that higher systolic rate constant derived from carotid, 

but not the transformed radial artery BP waveforms, predicted lower cardiovascular 

mortality (adjusted hazards ratio = 0.81). 61 It may be possible that differences between 

healthy and patient populations contribute to these divergent findings, but more work is 

needed to explain these differing associations. There are no studies that have reported on 

cross-sectional associations between markers of target organ damage and the systolic rate 

constant. 

1.6 Future directions: improving BP risk stratification  

Conventional pulse-wave analysis was developed with a view to derive more information 

from the underlying arterial BP waveform than could be derived from standard systolic 

and diastolic BP alone. This field has provided significant new information but has fallen 

short of definitively explaining cardiovascular physiology or offering impetus to change 

clinical practice. Evidence from studies using the reservoir-excess pressure model offers 

additional information beyond pulse-wave analysis and the ability to predict adverse 
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CVD outcomes across distinct populations. However, understanding of the reservoir-

excess pressure model is still in its relative infancy and more research is needed. Indeed, 

in traditional calculations of reservoir-excess pressure parameters, the diastolic rate 

constant is the product of compliance and resistance which are assumed to be constant. 

Whereas, the recent analysis from the Framingham Heart study attempts to account for 

pressure-dependent non-linearities in compliance and resistance in the calculation of the 

rate constants. 9 This new calculation represents an adjustment to the traditional reservoir-

excess pressure calculation but makes some assumptions about the nature of the pressure 

dependence of the diastolic time constant (tau) and the value of the asymptotic pressure. 

Interestingly, in a community-based sample, model parameters derived with both the new 

modified calculation and the traditional calculation were significantly associated with 

cardiovascular events after adjusting for age and sex. Yet, after additional adjustment for 

conventional cardiovascular risk factors, only parameters derived via the new modified 

calculation remained significant. 9 Ultimately, the usefulness of any hemodynamic model 

is decided by its associations with clinical outcomes but also with arterial physiological 

phenomena.  

The evidence base outlining physiological and clinical insights provided by the reservoir-

excess pressure parameters continues to grow, but deficiencies remain. The systolic and 

diastolic rate constants have shown some promise for the prediction of cardiovascular 

events and mortality, but data is still lacking. Results pertaining to the systolic rate 

constant in particular are inconsistent in their direction of association with risk, and 

additional work on the underlying cause of these discrepancies is warranted. Moreover, 

there is little to no data assessing associations of the rate constants with markers of target 

organ damage, and these studies are needed. Furthermore, the clinical value of each model 

parameter, when derived from different arterial locations, has not been determined. A 

greater understanding of the relationship of model parameters derived from different 

arterial locations with markers of cardiovascular risk would be beneficial for identifying 

the most clinically useful combination of arterial location and model parameter (this gap 

in the literature is addressed in Chapter 4 of this thesis). Regarding excess pressure, 

studies have shown that when derived from central BP waveforms, the morphology of the 

excess pressure waveform is analogous to the blood flow waveform. Still, the relationship 

of excess pressure to blood flow velocity recorded from peripheral artery BP waveforms 
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needs to be studied in order to better understand the value of excess pressure as a surrogate 

of flow velocity (this gap in the literature is addressed in Chapter 5 of this thesis).  

The recording of non-invasive arterial BP waveforms by tonometry, though 

uncomplicated to perform, is operator dependent, which remains a barrier to the broader 

uptake of arterial waveform analysis for the assessment of cardiovascular risk in clinical 

practice. Recently, new technologies have afforded the opportunity to measure the arterial 

BP waveform non-invasively using cuff-based BP devices. 79 Incorporation of reservoir-

excess pressure parameters into conventional BP measurement methods should remove 

barriers to its clinical use, but a refinement of the methods is needed. 79 Additionally, new 

cuffless biometric wearable devices are emerging that measure BP and record the BP 

waveform from the underlying hemodynamics at various arterial sites including, but not 

limited to, the wrist, ears and fingers. However, amplification of systolic BP from central 

to peripheral arteries may hinder the accurate assessment of a clinically important BP (i.e., 

central or brachial BP). By taking advantage of the reservoir-excess pressure model it 

may be possible to derive indices measured from peripheral artery BP waveforms that are 

representative of central parameters but also are predictive of cardiovascular risk when 

derived from the radial BP without the need of direct knowledge the central BP. 

1.7 Concluding comment 

Reservoir-excess pressure parameters provide insights into arterial physiology and have 

been shown to outperform conventional BP and pulse-wave analysis indices for the 

prediction of CVD risk. Utilization of model parameters in routine clinical practice may 

be feasible but is still some way off. In the clinical setting, the mathematical detail 

underpinning the model parameters is not necessary. This review provides a high-level 

overview of the physiological and clinical value of the reservoir-excess pressure 

parameters, helping close the gap between research and clinical translation. 

 

1.8 Contribution of Chapter 1 to the thesis aims. 

The review presented in Chapter 1 provides detailed discussion of previous work relating 

the study of arterial hemodynamics, including a comprehensive summary of parameters 

derived from reservoir excess pressure analysis. A number of areas related to arterial 

hemodynamics which require more attention in the literature were identified through the 

writing of this review. A reoccurring theme was the lack of understanding regarding the 
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differences in central to peripheral artery hemodynamics. It is suggested that the central 

(aortic) hemodynamics are the most clinically important as they represent the 

hemodynamic load experienced by the major organs. This has led to the development of 

numerous clinically available devices which purport to measure central artery 

hemodynamics, including aortic BP and stroke volume. However, a more thorough 

understanding of the changes in arterial hemodynamics between the central and 

peripheral arteries is needed. This may be achieved though detailed arterial BP waveform 

analysis, such as that provided by the reservoir excess pressure analysis. Still, more 

fundamental questions regarding the magnitude of difference in BP between central and 

peripheral arteries remain unanswered. By addressing the aims set out at the start of this 

thesis, the following Chapters seek to make an important contribution to the 

understanding of central to peripheral artery hemodynamics. 
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Chapter 2 Aortic-to-brachial artery stiffness gradient is not blood 

pressure independent 

 

This thesis chapter has been published and is formatted according to the guidelines of 

Journal of Human Hypertension and addresses Aim 2 of this thesis. 

Armstrong MK, Schultz MG, Picone DS & Sharman JE. Aortic-to-brachial artery 

stiffness gradient is not blood pressure independent. J Hum Hypertens. 2019. 33(5):385–

392. 

Link to online article: https://www.nature.com/articles/s41371-018-0154-y 

doi: 10.1038/s41371-018-0154-y 

Presentations: 

• ARTERY 17, Pisa, Italy, Oct-2017. Oral presentation. Young investigator finalist. 

• High Blood Pressure Research Council of Australia annual scientific meeting. 

Poster presentation. Melbourne, Australia, Nov-17. 
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2.1 Abstract 

Aortic stiffness predicts cardiovascular mortality but is limited as a risk marker because 

it is dependent on blood pressure (BP). A potential solution is provided from the ratio of 

aortic-to-brachial artery stiffness (ab-ratio), which has been shown to be a BP-

independent risk marker among patients with renal dysfunction (RD). We sought to 

determine the BP-independence of the ab-ratio in patients with disease, including RD, 

and healthy populations. The ab-ratio (aortic/brachial pulse wave velocity) and mean 

arterial pressure (MAP) were recorded in patients with RD (n=119, aged 65±7years), 

hypertension (n=140, aged 62±9years), type 2 diabetes mellitus (n=77, aged 60±9years) 

and healthy subjects (n=99, aged 51±8years). Multiple-regression analysis was performed 

to test the independent association of MAP with the ab-ratio adjusted for age, sex, body-

mass index, glucose and heart rate. There was no significant relationship between the ab-

ratio and MAP in patients with RD (β=0.08, p=0.34), hypertension (β=0.04, p=0.62) or 

diabetes (β=0.22, p=0.11). However, among healthy subjects the ab-ratio was 

significantly and independently associated with MAP (β=0.31, p=0.003). There was a 

significant difference in the strength of association between the ab-ratio and MAP 

between patients with disease and healthy subjects (z>2.2, p<0.05 all). Although ab-ratio 

is purported to be a risk marker that is independent of BP, this was observed only among 

patient populations, and not among healthy subjects. As a result, the ab-ratio has limited 

potential as a screening tool for the clinical assessment of arterial stiffness in otherwise 

healthy individuals. 
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2.2 Introduction 

Aortic pulse wave velocity (PWV), predicts cardiovascular disease (CVD) in a variety of 

subject populations 80–85 and current hypertension guidelines suggest aortic PWV is a 

useful marker of subclinical target organ damage. 86 However, a disadvantage of aortic 

PWV as a CVD risk marker is that it is dependent on blood pressure (BP). 87 Since BP is 

a powerful predictor of CVD risk, 88 it can be difficult to disentangle the independence of 

aortic PWV as a separate CVD risk marker. 89 Therefore, a BP-independent measure of 

large artery stiffness could have superior clinical value. 

The ratio of aortic-to-brachial artery stiffness (ab-ratio) has been shown to be BP-

independent, 90 and superior to aortic PWV with respect to all-cause mortality prediction 

among patients with end-stage renal disease. 13 On the other hand, the ab-ratio had no 

incremental value for CVD risk prediction over aortic PWV among healthy participants 

of the Framingham Heart Study. 91 These divergent results may be due to differences in 

arterial characteristics between distinct subject populations, where disease-induced 

structural changes of the large arteries may lead to a disassociation of BP from the ab-

ratio. To our knowledge, the BP-independence of the ab-ratio has not been determined 

among healthy subjects compared to those with established disease such as renal 

dysfunction (RD), hypertension or type 2 diabetes mellitus (T2DM). In line with Aim 2 

of this thesis, the main aim of this study was to determine the utility of the ab-ratio as a 

BP independent vascular risk marker. We hypothesised that the BP-independence of the 

ab-ratio would be influenced by disease status. 

 

2.3 Methods 

Participants. From 435 participants with aortic and brachial PWV measurements, there 

were 119 patients with RD, 140 with hypertension, 77 with well controlled T2DM and 

99 healthy subjects. The following criteria were used to define the subject populations: 

RD - an estimated glomerular filtration rate (eGFR) <60 mL/min/1.73m2; hypertension - 

brachial BP ≥140/90 mmHg or if previously diagnosed by a physician and taking 

antihypertensive medication; T2DM - via self-reported physician diagnosis; healthy 

subjects those without RD, hypertension or T2DM. The subject populations were 

compiled from several separate studies 65,92–94 in which the combined exclusion criteria 

were: previous physician diagnosis of renal or coronary artery disease, uncontrolled 

hypertension (defined at ≥180/100 mmHg), pregnancy or aortic valve stenosis. 
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Study protocol. Participant data were pooled from previous studies in which the ab-ratio, 

BP and clinical characteristics were recorded using the same measurement conditions and 

protocols. 65,92–94 All participants gave written informed consent and local Human 

Research Ethics Committees granted ethical approval. Participants attended testing 

facilities in a post-absorptive state having avoided heavy meals and caffeine three hours 

prior and strenuous exercise 24 hours prior to testing. Due to differences in study 

protocols, brachial BP measurements were recorded in a seated or semi-recumbent 

position. In total, 67 participants (15% of the total sample) underwent blood pressure 

measurement in a semi-recumbent position. Aortic and brachial PWV measurements 

were recorded in the supine position. Blood and urine were collected for biochemical 

analysis, and medical history was collected via questionnaire. 

Blood pressure. Office brachial BP was measured in duplicate after between 5 and 10 

minutes rest using a validated oscillometric device (Omron HEM-907; Omron Healthcare, 

Kyoto, Japan) 95 or standard mercury sphygmomanometer. A BP cuff was fitted prior to 

the commencement of the rest period and the average of the two BP measures were used 

for analysis. Pulse pressure (PP) was calculated as brachial systolic minus diastolic BP.  

Mean arterial pressure (MAP) was calculated as diastolic BP plus 40% of PP. 96 Previous 

data have shown that MAP calculated using the conventional diastolic blood pressure plus 

33% of pulse pressure results in an underestimation of the true MAP. 96 In the study of 

Bos et al.96, MAP calculated as diastolic blood pressure plus 40% of pulse pressure 

provided a better estimate of the true MAP over the conventional approach. For this 

reason, our principal findings were reported using MAP calculated using this improved 

method. Sensitivity analyses were performed using MAP calculated via conventional 

MAP calculations, including diastolic BP + 33% of PP (MAP33) and systolic BP * 0.333 

+ diastolic BP * 0.666 (MAP66). 

Aortic-to-brachial artery stiffness ratio; aortic and brachial pulse-wave velocity.  

In a temperature-controlled room, brachial and aortic arterial stiffness were assessed 

consecutively by electrocardiogram gated carotid-radial and carotid-femoral PWV 

respectively (SphygmoCor, AtCor Medical Pty Ltd, Sydney, Australia). Participants were 

instrumented in the supine posture, following which, participants observed a minimum of 

5 minutes undisturbed rest. Arterial segment length was measured by subtracting the 

distance between carotid measurement site and sternal notch from the distance between 
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the sternal notch and femoral or radial applanation site. Carotid-radial and carotid-femoral 

PWV were measured in duplicate after between 5 and 10 minutes of supine rest and the 

average used for analysis, as per consensus guidelines. 97 If consecutive PWV measures 

were >0.5 m/s different or there was a heart rate difference >5 bpm between the carotid 

and femoral or brachial artery measurement site, then PWV measurements were repeated. 

The ab-ratio was calculated as aortic PWV divided by brachial PWV, with an ab-ratio > 

1.0 indicating aortic PWV was higher than brachial PWV, which has previously been 

associated with markers of end organ damage. 98 

Statistical Analysis. Data are expressed as mean ± SD or n(%). All statistical analyses 

were carried out using Statistical Package for the Social Sciences, version 23 (IBM SPSS 

Statistics, Armonk. New York, USA) and R version 3.3.2 (R Foundation for Statistical 

Computing, Vienna, Austria). The assumption of normality was assessed by Q-Q Plots. 

Independence of residuals was assessed using the Durbin-Watson statistic and multi-

collinearity using tolerance values. The assumption of linearity was assessed by visual 

inspection of residuals and scatter plots. Between subject population differences were 

assessed by one-way analysis of variance (with Tukey and Games-Howell post hoc test 

for multiple comparisons) and chi-square tests. Separate Pearson correlations were 

performed within each subject population to assess variables associated with the ab-ratio, 

aortic PWV and brachial PWV. Multiple linear regression was performed to adjust for 

known or potential confounders (age, sex, BMI, blood glucose and heart rate). 

Multivariable regression coefficients are presented as standardized betas. To reassure that 

our findings were not due to differences in BP measurement protocol between studies, 

sensitivity analyses were performed adjusting for the potential influence of BP 

measurement device (oscillometric versus sphygmomanometer) and position (supine 

versus semi recumbent). The Z-statistic was used to test the difference in regression 

slopes between the ab-ratio or aortic PWV and MAP. 

 

2.4 Results 

Participant characteristics. Table 2.1summarizes the participant characteristics for each 

subject population. Participant characteristics for patient populations stratified by tertile 

of ab-ratio can be found in the appendix (Appendix A 1). Healthy subjects were 

significantly younger and had lower systolic BP and MAP than patients with disease. 

There was no significant difference in heart rate between all subject populations. Healthy 
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subjects had significantly smaller and patients with RD significantly larger waist 

circumference compared to all other groups. As expected, patients with RD had 

significantly lower eGFR values compared with all other subject populations. Values for 

the ab-ratio, aortic PWV and brachial PWV are presented in Table 2.2. Both the ab-ratio 

and aortic PWV were significantly lower in healthy subjects but not significantly different 

between patients with disease. Brachial PWV was significantly lower in patients with RD 

compared with healthy subjects only. All data were normally distributed. 
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Table 2.1. Participant characteristics according to subject population. 

Variable Renal dysfunction Hypertension T2DM Healthy P value 

  (n = 119) (n = 140) (n = 77) (n = 99) 
 

Age (years) 65 ± 7 62 ± 9 60 ± 9 51 ± 8* <0.001 

Female sex n(%) 109 (85) 30 (21) 33 (42) 35 (35) <0.001 

Weight (kg) 76.2 ± 14.6* 89.4 ± 16.2 85.6 ± 15.4 84.2 ± 16.7 <0.001 

Height (cm) 163.2 ± 7.7 172.9 ± 8.2 169.5 ± 10.3 173.4.8 ± 9.1 <0.001 

Body mass index (kg/m2) 28.5 ± 4.9 29.8 ± 4.7 29.8 ± 4.5 27.9 ± 4.4 0.003 

Waist circumference (cm) 94.8 ± 12.6* 103.0 ± 17.6 101.1 ± 13.7 87.0 ± 14.1* <0.001 

Hip circumference (cm) 108.2 ± 10.3 109.5 ± 11.0 106.4 ± 12.7 101.4 ± 7.3 <0.001 

Waist to hip ratio 0.87 ± 0.07 0.91 ± 0.68 0.96 ± 0.15 0.85 ± 0.09 0.078 

Ever smoker n(%) 48 (38) 59 (42) 28 (36) 15 (15) 0.74 

BP-lowering medication n(%) 115 (96) 138 (99) 46 (60) 0 (0) <0.001 

Statins n(%) 37 (31) 44 (31) 54 (70) 0 (0) <0.001 

Metformin n(%) NA NA 21 (27) 0 (0) NA 

Blood chemistry     
 

Total cholesterol (mmol/L) 5.26 ± 0.90 5.00 ± 0.96 4.55 ± 1.03* 5.44 ± 1.04 <0.001 

HDL (mmol/L) 1.54 ± 0.44* 1.30 ± 0.40 1.39 ± 0.41 1.39 ± 0.42 <0.001 

LDL (mmol/L) 3.07 ± 0.84 3.00 ± 0.91 2.61 ± 0.94* 3.31 ± 0.83 <0.001 

Triglycerides (mmol/L) 1.54 ± 1.06 1.69 ± 1.09 1.50 ± 1.00 1.34 ± 0.86 0.089 
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Glucose (mmol/L) 5.44 ± 1.19 5.39 ± 1.18 7.84 ± 2.05* 5.26 ± 1.46 <0.001 

Glycated heamoglobin (%) NA NA 7.02 ± 0.98 NA NA 

eGFR (mL/min/1.73m2) 40.18 ± 11.93* 93.94 ± 26.55 85.23 ± 17.60 92.97 ± 24.19 <0.001 

Blood Pressure     
 

Systolic BP (mmHg) 126.3 ± 13.5 127.3 ± 13.4 128.5 ± 15.1 120.3 ± 10.7* <0.001 

Diastolic BP (mmHg) 73.6 ± 9.3 75.6 ± 9.8 71.6 ± 8.9 70.7 ± 7.8 <0.001 

Pulse pressure (mmHg) 52.7 ± 11.7 51.7 ± 10.7 56.9 ± 12.1* 49.7 ± 7.3 <0.001 

Mean arterial pressure (mmHg) 94.6 ± 9.5 96.3 ± 10.1 94.4 ± 10.2 90.5 ± 8.4* <0.001 

Heart rate (bpm) 63 ± 9 64 ± 11 66 ± 11 66 ± 15 0.295 

Data are mean ± SD. T2DM, type 2 diabetes mellitus; BMI, body mass index; HDL, high-density lipoproteins; LDL, low-density lipoproteins; 

eGFR, estimated glomerular filtration rate; BP, blood pressure. *denotes P<0.05 for the comparison between all other populations. 
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Table 2.2. Between-group differences in the aortic-to-brachial artery stiffness ratio, aortic and brachial pulse wave velocity (PWV). 

Variable Renal dysfunction Hypertension T2DM Healthy P value 

  (n = 119) (n = 140) (n = 77) (n = 99) 
 

Ab-ratio 1.21 ± 0.24 1.13 ± 0.30 1.11 ± 0.35 0.92 ± 0.21* <0.001 

Aortic PWV (m/s) 9.45 ± 2.26 9.17 ± 2.08 8.88 ± 2.27 7.50 ± 1.77* <0.001 

Brachial PWV (m/s) 7.84 ± 1.15 8.15 ± 1.16 8.13 ± 1.17 8.27 ± 1.10 0.036 

Brachial minus aortic PWV (m/s) -1.61 ± 1.95 -1.04 ± 2.17 -0.75 ± 2.43 0.76 ± 1.75* <0.001 

Data are mean ± SD. T2DM, type 2 diabetes mellitus; PWV, pulse-wave velocity; ab-ratio, aortic-to-brachial stiffness ratio. *denotes P<0.05 

for the comparison between all other populations. 
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BP-independence of ab-ratio among different subject populations. Univariable 

associations of the ab-ratio, brachial PWV and aortic PWV with MAP are presented in 

Figure 2.1. Among patients with disease, the ab-ratio was not significantly associated 

with MAP. However, among healthy subjects, the ab-ratio was significantly associated 

with MAP (Figure 2.1A). Among subjects with disease, brachial PWV was significantly 

associated with MAP, however, the relationship was non-significant among healthy 

subjects (Figure 2.1B). Aortic PWV was significantly associated with MAP among all 

subject populations (Figure 2.1C). There was a significant difference in the strength of 

association between the ab-ratio and MAP between patient populations and healthy 

subjects (z>2.2, p<0.05 for all). The strength of association between aortic PWV and 

MAP was significantly different between patients with hypertension and healthy subjects 

(z=2.46, p=0.02). Results from multivariable analysis of the associations with the ab-ratio 

are presented in Table 2.3. In these models, the ab-ratio was not significantly associated 

with MAP in patients with disease but was significantly associated with MAP in healthy 

subjects (Table 2.3). Multivariable analyses, adjusted for age, sex, BMI, blood glucose 

and heart rate, MAP33 was significantly associated with the ab-ratio among healthy 

individuals (β = 0.29, 95%CI 0.002, 0.012) but was not associated in subjects with disease 

(individuals with hypertension β = 0.02, 95%CI -0.004, 0.005; RD β = 0.05, 95%CI -

0.003, 0.005 and T2DM β = 0.16, 95%CI -0.003, 0.013). Similarly, in multivariable 

analyses, MAP66 was significantly associated with the ab-ratio among healthy 

individuals (β = 0.29, 95%CI 0.002, 0.013) but was not associated in subjects with disease 

(individuals with hypertension β = 0.02, 95%CI -0.004, 0.005; RD β = 0.05, 95%CI -

0.003, 0.006 and T2DM β = 0.16, 95%CI -0.003, 0.014). Additional multivariable 

analyses were performed adjusting for previously defined confounders (age, sex, BMI, 

blood glucose and heart rate) and cholesterol. In summary, the results were unchanged 

when total cholesterol, high- or low-density lipoprotein were included in multivariable 

models (β = 0.30, 95%CI 0.002, 0.013; β = 0.25, 95%CI 0.001, 0.012; β = 0.29, 95%CI 

0.002, 0.013 respectively). Moreover, the ab-ratio was not associated with MAP among 

subjects with disease (p >0.22 for all). Additionally, in sensitivity analyses, neither BP 

measurement device, nor position altered the principal findings (data not shown). 

Additional analyses were performed among all subjects in disease groups with 

hypertension. The results from these analyses are presented in the appendix (Appendix A 

2). 
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A) Relationship between MAP and aortic-to-brachial artery stiffness ratio among patients with RD (r=0.113, p=0.222), hypertension (r=0.010, 

p=0.907), T2DM (r=0.107, p=0.354) and healthy subjects (r=0.337, p=0.001). B) Relationship between MAP and brachial PWV among patients 

with RD (r=0.302, p=0.001), hypertension (r=0.365, p<0.001), T2DM (r=0.278, p=0.014) and healthy subjects (r=0.180, p=0.07). C) Relationship 

between MAP and aortic PWV among patients with RD (r=0.276, p=0.002), hypertension (r=0.230, p=0.006), T2DM (r=0.280, p=0.014) and 

healthy subjects (r=0.432, p<0.001). Healthy subjects are identified by ●. 

Figure 2.1. Associations of mean arterial pressure with measures of arterial stiffness in different patient populations and healthy 

individuals. 
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Table 2.3. Multivariable analyses between mean arterial pressure and aortic-to-

brachial artery stiffness ratio among different subject populations. 

Subject 

population 

Independen

t variable 

Standardize

d β 

Partial 

R2 
P value 

Model 

adjusted R2 

Renal 

dysfunction       

 MAP 0.077 0.006 0.362 0.218 

 Age 0.413 0.162 <0.001  

 Sex 0.039 0.001 0.659  

 BMI 0.196 0.034 0.026  
 Glucose 0.088 0.006 0.336  

 Heart rate 0.105 0.01 0.219  

Hypertension       

 MAP 0.345 0.096 0.682 0.242 

 Age 0.431 0.169 <0.001  

 Sex -0.172 0.022 0.049  

 BMI 0.269 0.063 <0.001  
 Glucose 0.157 0.021 0.052  

 Heart rate 0.026 0.001 0.748  

T2DM    
 

  

 MAP 0.194 0.029 0.118 0.132 

 Age 0.304 0.077 0.013  

 Sex -0.145 0.017 0.246  

 BMI -0.201 0.038 0.082  
 Glucose 0.127 0.015 0.271  

 Heart rate 0.026 0.001 0.828  

Healthy    
 

  

 MAP 0.273 0.054 0.01 0.276 

 Age 0.278 0.069 0.004  

 Sex -0.277 0.067 0.006  

 BMI 0.332 0.091 0.001  

 Glucose 0.006 <0.001 0.95  
  Heart rate 0.109 0.012 0.27 

 

All models adjusted for age, sex, BMI, blood glucose and heart rate. MAP, mean-

arterial pressure; T2DM, type 2 diabetes mellitus. R2 is ANOVA adjusted R squared. 
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Associations of ab-ratio and arterial stiffness measures with age. Univariable 

associations of the ab-ratio, brachial PWV and aortic PWV with age are presented in 

Figure 2.2. In all subject populations, both the ab-ratio and aortic PWV were significantly 

associated with age and these associations remained significant in multivariable analyses 

(p<0.05 for all). However, there was no significant association between brachial PWV 

and age in patients with disease. Conversely, the association between brachial PWV and 

age was significant in healthy subjects and remained significant in multivariable analyses 

(β=0.25, p=0.009). In analyses, stratifying all subjects by tertile of age, the ab-ratio was 

significantly associated with MAP only among subjects in the lowest tertile of age (β = 

0.32, p <0.001). Furthermore, analyses among age matched healthy and hypertensive 

subjects show that among subjects with hypertension the ab-ratio was not significantly 

associated with MAP (β = -0.06, p = 0.68, n=45); however, among age matched healthy 

controls the ab-ratio was significantly associated with MAP (β = 0.40, p = 0.006, n=45). 
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A) Relationship between age and ab-ratio among patients with RD (r=0.392, p<0.001), hypertension (r=0.362, p<0.001), T2DM (r=0.308, p=0.006) 

and healthy subjects (r=0.232, p=0.021). B) Relationship between age and brachial PWV among patients with RD (r=0.036, p=0.698), hypertension 

(r=0.089, p=0.293), T2DM (r=-0.060, p=0.605) and healthy subjects (r=0.231, p=0.022). C) Relationship between age and aortic PWV among 

patients with RD (r=0.370, p<0.001), hypertension (r=0.434, p<0.001), T2DM (r=0.299, p=0.008) and healthy subjects (r=0.387, p<0.001). 

Healthy subjects are identified by ●. 

Figure 2.2. Associations of age with measures of arterial stiffness in different patient populations and healthy individuals. 
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2.5 Discussion 

This is the first study to examine the association between the ab-ratio and MAP among 

different patient populations and healthy subjects. The major finding was that the ab-ratio 

was BP-independent among patients with RD, hypertension and T2DM. On the other 

hand, the ab-ratio was BP-dependent among healthy subjects. Therefore, the BP-

independence of the ab-ratio differed according to the disease status of the subject 

population, and as such, the ab-ratio cannot be classified as a completely BP-independent 

CVD risk marker. 

Our findings, and those of Fortier et al., 90 suggest the ab-ratio could be clinically useful 

for the non-invasive assessment of vascular aging among patient populations where the 

marker is independent from BP. However, in previous studies the superior CVD risk 

prediction of the ab-ratio over aortic PWV was only observed in patients with end-stage 

renal 13 disease and not healthy subjects from the Framingham Heart Study population. 91 

The present study provides potentially important information which may help to explain 

the divergence of CVD risk prediction of the ab-ratio between these two studies. 13,91 

Indeed, because the ab-ratio was BP-dependent among healthy subjects in the present 

study, this may explain the lack of superior CVD risk prediction of the ab-ratio over aortic 

PWV in the Framingham Heart Study population. In this regard, we speculate that among 

healthy subjects where the ab-ratio is BP-dependent, a higher proportion of the increase 

in the ab-ratio may be attributable to BP and therefore requires correction for BP. Whereas, 

among patient populations where the ab-ratio is BP-independent, a higher proportion of 

the increase in the ab-ratio may be independently attributed to age- or disease-mediated 

increases in vascular dysfunction.  

Differences in the BP-independence of the ab-ratio between patient and healthy 

populations is likely due to age and disease related processes influencing the walls of the 

large arteries. Arterial stiffness is dependent on both the intrinsic structure of the arterial 

wall as well as MAP. 99 As MAP increases, vessel diameter is increased, and load is 

transferred from compliant elastin lamella to the inelastic collagen component of the 

arterial wall. 99 However, with increasing age and in the presence of disease, elastin fibres 

are progressively replaced by collagen, thus increasing arterial stiffness. 100 Therefore, in 

older and potentially more ‘diseased’ arterial segments, the extent of structural changes 

may lessen the effect of BP on arterial stiffness, and measures of arterial stiffness such as 
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PWV. 101–104 Separating the relative contributions of age and disease related changes in 

arterial structure and function to the BP-dependence of arterial stiffness measures, 

including PWV, is difficult. In the present study, healthy subjects were significantly 

younger than subjects with disease. However, our sub analyses among age matched 

subjects with hypertension and healthy subjects suggest that the disease process may be 

playing an important role in determining the BP-independence of the ab-ratio. 

Additionally, previous observations from independent investigators have shown the 

important contribution of disease to the BP-independence of arterial stiffness measures. 

For example, in the study of Stewart et al., 104 acute pharmacologically induced changes 

in MAP had no effect on arterial stiffness as assessed by aortic PWV and carotid 

distensibility among subjects with hypertension, but had a significant effect on aortic 

stiffness among normotensive subjects. Additionally, in the study of Gaddum et al., 105 

there was a greater dependence of aortic PWV on trans-mural pressure among 

normotensive subjects versus hypertensive subjects. Thus, disease-induced arterial 

dysfunction common among patients with RD, hypertension and T2DM 106–108 could 

explain the BP-independence of the ab-ratio in these populations. Indeed, compared with 

healthy subjects, patients with chronic kidney disease may have 19% higher aortic PWV. 

109 In patients with hypertension, aortic PWV may be 1.3 times higher than non-

hypertensive subjects 110 and among patients with T2DM, the age-related progression of 

aortic stiffness is significantly accelerated. 103 Therefore, the BP-independence of the ab-

ratio may itself indicate significant arterial disease in a subject population. Furthermore, 

intrinsic stiffness of an arterial segment could explain why the ab-ratio is less BP-

dependent than aortic PWV alone. Specifically, the ab-ratio encompassing an inelastic 

(brachial) arterial segment 111 in its determination may lessen the effect of BP on the ab-

ratio compared with aortic PWV. Furthermore, among subjects with disease, medications 

may influence the BP-independence of the ab-ratio and their role should be considered. 

Indeed, some antihypertensive medications have been shown to reduce PWV 

independently of BP reductions. 112 However, medication usage was considered in our 

original analyses and the results were unchanged (data not shown).   

A strength of the present study was the wide range of patient populations, including 

healthy subjects. On the other hand, a potential limitation of the present study was that all 

subject populations were middle to older age and results may not be generalizable to 

younger populations. Yet, in the discussion presented above, we hypothesise that the BP 
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independence of the ab-ratio among individuals with disease is a consequence of 

increased arterial stiffening in these individuals. It would, therefore, seem reasonable to 

infer that among young healthy individuals, the ab-ratio may exhibit an even greater BP 

dependence compared to that observed among our healthy middle-aged sample, who, due 

to advanced age, likely have greater arterial stiffness than a younger cohort. MAP 

estimated using a form factor may be influenced by disease, however, the use of a form 

factor for the estimation of MAP is recommended as the best method for deriving MAP 

non-invasively. 96,113 Additional analyses using MAP calculated using the previously 

reported MAP calculations (diastolic BP + 33% of PP and [systolic BP * 0.333] + 

[diastolic BP * 0.666]) did not change the principal findings. Although not the primary 

focus of this study, it would have been interesting to determine associations of the ab-

ratio with CVD outcome data. Furthermore, we cannot exclude the potential modulatory 

effect of duration of medication use. Moreover, individual differences in BP measurement 

device and position may have influenced results. However, these factors did not alter the 

principal findings when we undertook sensitivity analysis. Similarly, although PWV was 

assessed by skilled operators following strict protocol, PWV is operator dependent and it 

is a limitation of our study was that test re-test data were not available for these measures. 

Finally, the cross-sectional study design does not allow us to determine causal pathways. 

It is well established that aortic stiffness predicts CVD risk independently of traditional 

CVD risk factors. 81 However, a potential barrier to its wider uptake in to clinical practice 

is that aortic stiffness is inherently dependent on BP. 87 As a result, it can be difficult to 

separate the CVD risk associated with aortic stiffness from that associated with BP. 

Therefore, an arterial stiffness marker that is independent of BP is highly sought after. 

The ab-ratio was a potential candidate for BP-independent arterial stiffness marker and 

therefore, represented a potentially clinically useful arterial stiffness marker. However, 

the findings of the present study highlight that the BP-independence of the ab-ratio 

previously observed among patients with disease, 90 cannot be applied more widely to the 

general population. As a result, the ab-ratio has limited practicality as a screening tool for 

the clinical assessment of arterial stiffness. 

 

2.6 Summary 

What is known about the topic: 
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• Currently, the non-invasive gold standard measure of arterial stiffness is aortic 

pulse wave velocity. However, one of the key limitations of aortic pulse wave velocity is 

that is it dependent on blood pressure (BP). 

• For some time, there has been a concerted effort to derive a measure of arterial 

stiffness that is independent of BP. This is because a measure of arterial stiffness that is 

independent of the influence of BP would be more clinically viable. 

• The ratio of aortic and brachial artery stiffness (stiffness ratio) was recently shown 

to be both predictive of cardiovascular outcomes and independent of BP (suggesting 

clinical viability). However, these findings were made among subjects with end stage 

renal disease and the results have not been replicated in other subject populations. 

What this study adds: 

• In our study we have confirmed previous findings that the stiffness ratio is BP-

independent among subjects with renal dysfunction and extend the BP-independence of 

the stiffness ratio to subjects with type 2 diabetes and hypertension. 

• However, in our study we have also shown that the stiffness ratio is dependent on 

BP among healthy subjects. This would seem to limit the overall clinical viability of the 

stiffness ratio. 

2.7 Contribution of Chapter 2 to the thesis aims. 

The ab-ratio has shown promise as a vascular risk marker, encompassing information on 

central and peripheral artery stiffness, independent of BP. Until now, the BP 

independence of the ab-ratio has not been determined in healthy individuals. Chapter 2 

represents the first study to show that the ab-ratio is not BP independent and, therefore, 

has limited value as a vascular risk marker. For this reason, we did not utilise the ab-ratio 

in subsequent studies contained within this thesis. The aim of the present thesis was to 

gain a better understanding of the difference in hemodynamics between the central and 

peripheral arteries. In this regard, the findings of Chapter 2 did highlight the important 

relationship between central-to-peripheral vascular properties and BP. Yet, some key 

questions remain to be answered around BP differences between the central and 

peripheral arteries. Differences in BP between the aorta and brachial artery are well 

established, with previous studies highlighting large and highly variable differences in 

systolic BP between the aorta and brachial artery. However, very little attention has been 



72 

 

afforded to differences in BP between the brachial and radial arteries. Understanding the 

differences in BP between these arterial sites is becoming increasingly important, with 

the emergence of wearable devices which purport to measure BP from the wrist. 

Therefore, in Chapter 3, we establish the differences in BP between the central and 

peripheral arteries, with focus on the BP differences between the brachial and radial 

arteries. 
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Chapter 3 Brachial and radial systolic blood pressure are not the 

same: evidence to support the Popeye phenomenon  

 

This thesis chapter has been published and is formatted according to the guidelines of 

Hypertension and addresses Aim 3 of this thesis. 

Armstrong MK, Schultz MG, Picone DS, Black JA, Dwyer N, Roberts-Thomson P & 

Sharman JE. Brachial and Radial Systolic Blood Pressure Are Not the Same. 

Hypertension. 2019. 73(5):1036–1041. 

Link to online article: 

https://www.ahajournals.org/doi/full/10.1161/HYPERTENSIONAHA.119.12674 

doi: 10.1161/HYPERTENSIONAHA.119.12674 

Citations: 5 

Altmetric score: 105 (https://ahajournals.altmetric.com/details/57945352). This score is 

in the top 5% of all research outputs scored by Altmetric. 

 

This published chapter received a letter to the editor which can be found at: 

https://www.ahajournals.org/doi/10.1161/HYPERTENSIONAHA.119.13351 

 

Our response to the letter from the editor is presented in full in Appendix C and online 

at: https://www.ahajournals.org/doi/10.1161/HYPERTENSIONAHA.119.13409 

 

Presentations: 

• High Blood Pressure Research Council of Australia annual scientific meeting. 

Oral presentation. Adelaide, Australia, Nov-18. 

• Royal Hobart Hospital. Invited talk. Hobart, Mar-19. 

• Asia-Pacific Congress of Hypertension. Invited Talk. Brisbane, Australia, Nov-

19. 

• ARTERY18. Poster presentation. Guimaraes, Portugal, Nov-18. 

 

https://www.ahajournals.org/doi/full/10.1161/HYPERTENSIONAHA.119.12674
https://doi.org/10.1161/HYPERTENSIONAHA.119.12674
https://ahajournals.altmetric.com/details/57945352
https://www.ahajournals.org/doi/10.1161/HYPERTENSIONAHA.119.13351
https://www.ahajournals.org/doi/10.1161/HYPERTENSIONAHA.119.13409
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3.1 Abstract 

Radial intra-arterial blood pressure is sometimes used as the reference standard for 

validation of brachial cuff blood pressure devices. Moreover, there is an emerging 

“wearables” market seeking to measure blood pressure at the wrist. However, radial 

systolic blood pressure may differ when compared with brachial, yet some authors have 

labelled these differences as a fictional “Popeye” phenomenon. Indeed, differences 

between brachial and radial systolic blood pressure have never been accurately quantified, 

and this was the aim of this study. Intra-arterial blood pressure was measured 

consecutively at the brachial and radial artery in 180 participants undergoing coronary 

angiography (aged 61±10years, 69%male). On average, radial systolic blood pressure 

was 5.5mmHg higher than brachial systolic blood pressure. Only 43% of participants had 

radial systolic blood pressure within ±5mmHg of brachial. Additionally, 46, 19 and 13% 

of participants had radial systolic blood pressure >5, between 5 and 10 and between 10 

and 15mmHg higher than brachial respectively. A further 14% of participants had radial 

systolic blood pressure >15mmHg higher than brachial, representing the so-called 

“Popeye” phenomenon. Finally, 11% of participants had radial systolic blood 

pressure >5mmHg lower than brachial. In conclusion, radial systolic blood pressure is not 

representative of brachial systolic blood pressure, with most participants having a radial 

systolic blood pressure >5mmHg higher than brachial, and many with 

differences >15mmHg. Therefore, validation testing of blood pressure devices utilising 

intra-arterial blood pressure as the reference standard should use intra-arterial blood 

pressure measured at the same site as the brachial cuff or wearable device.  

Keywords: hemodynamics, invasive, hypertension, technology, monitoring, arterial 

physiology 

 



75 

 

3.2 Introduction 

Cardiovascular disease (CVD) is the leading cause of morbidity and mortality, and high 

blood pressure (BP) is the primary modifiable risk factor.1,2 Accurate measurement of BP 

is therefore critical for the appropriate management and prevention of CVD. Current 

guidelines for the management of hypertension are based on brachial cuff BP. However, 

in some instances intra-arterial radial systolic BP has been used as the reference standard 

for testing the validation of brachial cuff BP devices.114–120 Moreover, intra-arterial radial 

systolic BP is routinely used as an analogue of brachial BP (see Appendix B 1 for 

reference list of 52 articles) and even cited as the gold standard reference in protocols 

comparing multiple non-invasive BP methodologies.121 These are important 

considerations for the emerging ‘wearables’ market seeking to measure biometric data, 

including BP, from wrist-worn smart watch like devices and integrating this information 

into digital health records for informing medical management. It is critical that these 

devices are validated appropriately to understand exactly what is being measured and how 

this may advance clinical practice. To date, differences between intra-arterial brachial and 

radial BP are not definitively known.  

From central to peripheral arteries the arterial pulse is (on average) amplified as systolic 

BP increases but diastolic BP and mean BP remain relatively constant.6 Indeed, 

amplification of systolic BP between the aorta and brachial artery is a well-established 

phenomenon.5 However, studies reporting differences in systolic BP between the brachial 

and radial artery are sparse. A few small invasive studies have shown average increases 

between 4 and 12 mmHg in systolic BP from the brachial to radial artery.122–125 

Additionally, non-invasive studies have estimated average increases between 6 and 15 

mmHg in systolic BP.126–129 However, some investigators have assumed that 

amplification of systolic BP through the upper limb terminates abruptly at the brachial 

artery. Indeed, the notion of further systolic BP amplification from the brachial to radial 

arteries has been pejoratively labelled as a non-physiological “Popeye” phenomenon, 

named after the fictional cartoon character with oversized forearms.130,131 However, the 

magnitude of difference in systolic BP between the brachial and radial artery has never 

been accurately quantified using intra-arterial methods in a large number of participants. 

In line with Aim 3 of this thesis, this study sought to determine the differences in BP 

between the brachial and radial arteries. 
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3.3 Methods 

The data that support the findings of this study are available from the corresponding 

author upon reasonable request. 

Participants. A total of 303 participants with indications for coronary angiography were 

approached for inclusion in this study. This occurred at the Royal Hobart Hospital 

catherization laboratory waiting bay prior to the clinical procedure in which invasive BP 

measurements were recorded at central and peripheral arterial sites. Exclusion criteria for 

the study comprised factors which may have adversely influenced the accuracy of the 

data and included: arrhythmias or aortic stenosis (n=18), technical (n=16) or medical 

(n=39) issues that arose during the study and inter-arm cuff systolic and/or diastolic BP 

difference >5 mmHg (n=23). Furthermore, participants were excluded if access to the 

right radial artery was unsuccessful (n=17); a further 10 individuals did not provide 

consent. A total of 180 individuals were included in the final analysis. Data from some of 

these individuals using the same invasive BP measurement protocol has previously been 

published.23 The study was conducted at the Royal Hobart Hospital, Tasmania, Australia. 

Ethical approval was provided by the University of Tasmania Human Research Ethics 

Committee and all participants provided written informed consent. This study was 

conducted in accordance with the principles of Declaration of Helsinki. 

Study protocol. Eligible participants were identified via the attending medical staff. 

Participants attended the catheterisation laboratory in a fasted state. To determine inter-

arm BP differences, cuff BPs were measured on both arms simultaneously using identical 

oscillometric BP devices (UA767, A&D Medical, Tokyo, Japan). These measurements 

were made in the waiting bay before the angiographic procedure and participants were in 

either a supine or semi recumbent posture. Following completion of the clinical 

angiographic procedure, intra-arterial BP waveforms were recorded consecutively at the 

aorta, brachial and radial arteries. Participants’ clinical information was collected from 

the Royal Hobart Hospital digital health records including coronary angiography pre-

assessment documentation which included anthropometric measurements and clinical 

history. 

Intra-arterial BP. Immediately following completion of the coronary angiography 

procedure, intra-arterial BP waveforms were recorded using a fluid-filled system. The 

fluid-filled system used to measure intra-arterial BP consists of an intra-arterial catheter 
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connected to a Wheatstone Bridge pressure transducer via non-compliant, fluid-filled 

tubing. In this regard, the fluid-filled system operates as a second-order dynamic system, 

a simple harmonic oscillator, where oscillations measured by the indwelling catheter are 

transmitted through a fluid medium (saline) to the pressure transducer. Catheters may 

come in different diameters quantified in units of French (Fr), where 1Fr unit is equal to 

0.33mm. In the present study, there was a roughly equal split between the use of 5Fr (54% 

of participants) and 6Fr (46% of participants) catheters and intra-arterial access was made 

via the right radial artery (as per routine coronary angiography protocol). The non-

compliant fluid-filled tubing connecting the indwelling catheter and the pressure 

transducer was prepared prior to the commencement of the clinical procedure by qualified 

medical staff. In setting up the fluid-filled tubing and catheter for use, all bubbles and 

kinks are removed to ensure patient safety and avoid possible measurement errors. The 

pressure transducer was fixed to the operating table and, to remove the influence of 

hydrostatic pressure, was set at a height level with the participants heart. Throughout the 

duration of data collection procedures, participants were in a supine posture. The pressure 

transducer converts kinetic energy resulting from changes in pressure into an electrical 

analogue signal representative of the BP waveform, but in units of volts. The raw 

analogue BP waveform signal was recorded directly from the catherization laboratory 

hemodynamic monitoring system (Philips, Volcano) and converted to digital format via 

an analogue to digital converter at a frequency of 1000hz (PowerLab, AD Instruments, 

Bella Vista, Australia). This facilitated real time visualisation of BP waveform data using 

data acquisition software (LabChart, AD Instruments, Bella Vista, Australia). Before any 

BP waveforms were recorded, the pressure transducer was zeroed to atmospheric pressure. 

Intra-arterial BP waveforms were recorded consecutively at the aorta, brachial and radial 

arteries. Firstly, the catheter was positioned in the ascending aorta where a minimum of 

20 seconds of stable BP waveforms were recorded. Immediately following successful 

capture of aortic BP waveforms, the catheter was pulled back to the brachial artery (mid-

humerus) and a further 20 seconds of stable BP waveforms were recorded. Finally, 

following successful capture of brachial BP waveforms, the catheter was pulled back to 

the radial artery where a minimum of 20 seconds of stable BP waveforms were recorded. 

The sheath used to introduce the catheter into the radial artery lumen was partially 

removed to facilitate recording of radial BP waveforms as distal as possible at this site 

(Appendix B 4). Catheter position was confirmed by fluoroscopy at each arterial site 
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(Appendix B 3) and the catheter flushed before any waveform recordings were made. At 

each arterial site, pre-set markers were placed within the data acquisition software to 

identify the start and end of the 20 second period of stable BP waveform recordings. 

Furthermore, ‘pop tests’ were performed to confirm appropriate dynamic response of the 

fluid-filled catheter system as described by Gardner.132 For all intra-arterial BP recordings, 

participants were clear of acute-vasoactive medication and were asked to remain still and 

refrain from talking as per guideline recommendations.133 

Following completion of the data collection protocol, BP waveform data was saved for 

offline processing. Firstly, using a calibration sheet provided by the radiographer, units 

for the BP waveforms were converted from volts to mmHg using a 2-point calibration 

method (see Appendix B 5 for detailed BP waveform calibration protocol). Using the pre-

set markers placed in the data acquisition software during data collection, the 20 seconds 

of BP waveform recordings made at each arterial site were extracted and converted to text 

format. A custom written MATLAB script was used to determine the mean of systolic 

and diastolic BP and mean arterial pressure over the 20 seconds of BP waveform 

recordings. Values derived from this MATLAB script were used for subsequent analyses. 

Statistical analysis. Data are expressed as mean ± SD or n (%). All statistical analyses 

were carried out using R, version 3.5.1 (R Foundation for Statistical Computing, Vienna, 

Austria). Differences between continuous variables were assessed by paired samples t-

tests or one-way ANOVA with Tukey’s honest significant difference for post hoc 

comparisons. Associations of brachial to radial intra-arterial BP differences were assessed 

using bivariate and multivariable linear regression. A P<0.05 was considered statistically 

significant. 

3.4 Results 

Participant characteristics. Participant characteristics are representative of a population 

undergoing coronary angiography and are presented in Table 3.1. Participants were 

predominantly male, middle to older age and overweight. Furthermore, the majority of 

participants had self-reported clinically diagnosed hypertension, hyperlipidaemia, a 

family history of CVD and had disease in at least one coronary artery (Table 3.1).  
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Table 3.1. Clinical characteristics of study participants (n=180). 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Variable mean ± SD or n (%) 

Age (years) 61.3 ± 9.8 

Sex (male) 125 (69) 

Height (cm) 170.3 ± 9.8 

Weight (kg) 86.2 ± 17.3 

Body mass index (kg/m2) 29.7 ± 5.0 

Family history of CVD  96 (56) 

Hypertension  100 (58) 

Current smoker  37 (21) 

Hyperlipidaemia  115 (69) 

Type 2 diabetes mellitus  48 (26) 

Renal disease  21 (12) 

Coronary artery disease  120 (66) 

eGFR (mL/min/1.73m2) 83.3 ± 18.7 

CVD, cardiovascular disease; eGFR, estimated glomerular filtration 

rate. 
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Brachial to radial intra-arterial BP differences. Data relating to brachial and radial 

artery BP, mean arterial pressure and heart rate are presented in Table 3.2. On average, 

radial systolic BP was higher than brachial systolic BP (Figure 3.1A). However, only 43% 

(n=77) of participants had radial systolic BP within ±5 mmHg of brachial systolic BP 

(Figure 3.1B) Additionally, 46% of participants had radial systolic BP >5 mmHg higher 

than brachial systolic BP (Figure 3.1C). From this group of participants, 19% (n=34) of 

participants had radial systolic BP between 5 and 10 mmHg higher than brachial systolic 

BP (mean radial 140.3 ± 15.1 vs. mean brachial 132.4 ± 14.6 mmHg, p<0.001), 13% 

(n=24) of participants had radial systolic BP between 10 and 15 mmHg higher than 

brachial systolic BP (mean radial 144.6 ± 18.8 vs. mean brachial 132.2 ± 18.6 mmHg, 

p<0.001) and 14% (n=26) of participants had radial systolic BP >15 mmHg higher than 

brachial systolic BP (mean radial 163.9 ± 22.0 vs. mean brachial 142.4 ± 20.5 mmHg, 

p<0.001). Finally, among 11% (n=19) of participants radial systolic BP was >5 mmHg 

lower than brachial systolic BP (mean radial 133.3 ± 26.6 vs. mean brachial 143.9 ± 26.5, 

p<0.001). BP waveforms among individuals with radial systolic BP within ±5 mmHg 

and >5 mmHg higher than brachial BP are presented in Figure 3.2. Bivariate and 

multivariable analyses were performed to determine associations of brachial to radial 

systolic BP differences and results are presented in Table 3.3. Additionally, on average 

radial diastolic BP was slightly, but significantly, lower than brachial diastolic BP and 

there were similar findings for mean arterial pressure (Table 3.2). 
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Table 3.2. Comparison of intra-arterial blood pressures and heart rate at the brachial and  

radial arteries (n=180). 

 

 

 

 

 

 

 

 

 

Variable Intra-arterial brachial Intra-arterial radial P Value 

Systolic blood pressure (mmHg) 137.1 ± 20.4 142.8 ± 22.1 <0.001 

Diastolic blood pressure (mmHg) 66.9 ± 9.1 65.8 ± 9.1 < 0.001 

Pulse pressure (mmHg) 70.1 ± 17.8 77.0 ± 20.0 <0.001 

Mean arterial pressure (mmHg) 92.3 ± 12.2 90.7 ± 12.3 < 0.001 

Heart rate (bpm) 64.1 ± 11.9 63.1 ± 11.9 0.102 

Data are mean ± SD.  



82 

 

A)Difference between intra-arterial brachial and radial systolic BP for all participants. On average, radial systolic BP was 5.5 mmHg higher than 

brachial systolic BP. B) Difference between intra-arterial brachial and radial systolic BP among participants who had radial systolic BP within ±5 

mmHg of brachial systolic BP (mean brachial 136.6 ± 20.3 vs. mean radial 137.4 ± 19.7 mmHg, p = 0.02). C) Difference between intra-arterial 

brachial and radial systolic BP among participants who exhibit a ‘Popeye’ phenotype, where radial systolic BP was >5 mmHg higher than brachial 

systolic BP (mean radial 148.9 ± 21.0 vs. mean brachial 135.5 ± 18.8 mmHg, p <0.001). Red lines represent individuals with the greatest brachial 

to radial systolic BP amplification and blue lines represent little to no systolic BP amplification. 

 

Figure 3.1. Intra-arterial systolic BP differences between the brachial and radial artery. 
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Aorta to radial intra-arterial BP differences. Mean aortic systolic BP was 130.0 ± 21.4 

mmHg. On average the difference between aortic and radial systolic BP was 12.9 ± 12.8 

mmHg. Differences in systolic BP from the aorta to brachial and brachial to radial arteries 

accounted for 57% and 43% of the overall difference between the aorta and radial arteries 

respectively. 
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Brachial and radial ensemble averaged blood pressure waveforms among 77 participants 

with radial systolic blood pressure within ±5 mmHg of brachial systolic blood pressure 

(A) and 84 participants with radial systolic blood pressure >5 mmHg higher than brachial 

systolic blood pressure (B).  

 

Figure 3.2. Brachial and radial ensemble averaged blood pressure waveforms  
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Table 3.3. Bivariate and multivariable associations of intra-arterial brachial to radial systolic blood pressure amplification. 

Bivariate models Multivariable model 

Independent variables B P Independent variables β P Partial R2 Adjusted R2 

Age 0.049 0.49 Height 0.086 0.23 0.009 0.291 

Sex 2.323 0.12 Current smoker -0.212 0.20 0.011  

Height 0.161 0.02 Coronary artery disease 3.277 0.28 0.008  

Weight -0.014 0.72 Radial augmentation index -0.277 <0.001 0.119  

Heart rate 0.036 0.56 Radial pulse pressure 0.195 <0.001 0.131  

Hypertension -0.765 0.60      

Current smoker -5.023 0.01      

Type 2 diabetes mellitus 1.356 0.40      

Coronary artery disease 3.160 0.03      

Central augmentation index -0.062 0.07      

Brachial augmentation index -0.223 <0.001      

Radial augmentation index -0.344 <0.001      

Brachial pulse pressure -0.004 0.91      

Radial pulse pressure 0.185 <0.001      

Multivariable model is adjusted for height, smoking status, presence of coronary artery disease (defined as mild to severe disease in at least one 

coronary artery), radial augmentation index and radial pulse pressure. B is the unstandardized coefficient and β is the standardized coefficient. 
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3.5 Discussion 

This study sought to determine the magnitude of difference in intra-arterial BP between 

the brachial and radial artery. The principal findings were that intra-arterial brachial 

systolic BP was not equivalent to the intra-arterial radial systolic BP. Individuals with 

brachial systolic BP within ±5 mmHg of the radial systolic BP represented only 43% of 

our study population, while the majority of individuals (57%) had >5 mmHg difference 

in systolic BP between brachial and radial artery. A sizeable 14% of participants had 

systolic BP differences >15 mmHg. These findings are highly relevant to validation 

protocols of brachial cuff devices where an intra-arterial standard is used and new 

wearable devices that purport to measure BP from wrist arteries. 

Following ventricular ejection, a pressure wave propagates from the large elastic central 

arteries to smaller muscular arteries in the periphery. Changes in arterial properties and 

partial reflection of the pressure wave at sites of impedance mismatch amplify systolic 

BP. However, few studies have reported on intra-arterial systolic BP differences between 

the brachial and radial artery, and those that have are limited by small sample sizes (e.g. 

4 (min) to 12 (max)).123–125 Some non-invasive studies have attempted to quantify the 

magnitude of systolic BP difference between the brachial and radial artery,126–129 and 

although these relied on potentially inaccurate cuff BP and physiological assumptions (i.e. 

equivalent mean and diastolic BP between the brachial and radial artery), investigators 

came to similar conclusions as our current study. Indeed, Segers et al. estimated the 

average brachial to radial amplification to be 6.6 mmHg, whereas Verbeke et al. estimated 

5.8 mmHg. However, a point of difference is that these studies found brachial to radial 

amplification to be the dominant contributor of aortic to radial systolic BP amplification 

(e.g. 65 to 80%). Whereas, in the present study, brachial to radial amplification accounted 

for just 43% of the overall increase in systolic BP amplification.   

Our data confirm that the Popeye phenomenon is a genuine physiological occurrence with 

relatively high prevalence and not a fictional issue. Indeed, our findings are unsurprising 

when the underlying structure and physiology of central to peripheral arteries are 

considered. For example, there are significant changes in arterial properties between the 

brachial and radial artery that would be expected to modify the pressure wave and 

particularly effect systolic BP. Such changes include arterial tapering and increased 

stiffness; arterial bifurcations and increased impedance in the distal vasculature located 
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near and within the hand.12 In our own study, a lower radial augmentation index was 

independently associated with higher brachial to radial systolic BP amplification (Table 

3.3). The radial augmentation index is a composite index of multiple factors including 

arterial stiffness and wave reflection, and these will influence large artery blood flow and 

BP transmission characteristics. Our previous investigations have shown that the product 

of brachial flow and diameter is related to reduced brachial to radial systolic BP 

amplification in patients with type 2 diabetes.129 Some consideration should be given to 

the 11% of individuals who had a reduction in systolic BP between the brachial and radial 

arteries. It may be that, due to large BP variability, and because brachial and radial BP 

were measured sequentially, not simultaneously, there may have been hemodynamic 

changes resulting in a lower radial systolic BP among a small number of our sample. 

Altogether, the notion that there is never major amplification of systolic BP between the 

brachial and radial artery130 does not seem plausible. Instead, there was significant 

between-individual variability in brachial to radial systolic BP, similar to that observed 

in other studies along the aorta-brachial pathway.5,123,134,135 Finally, previous non-

invasive studies suggest that systolic BP amplification between the brachial and radial 

arteries decreases with increasing age. 126 In this regard, it might be expected that, 

compared to older individuals, young healthy individuals will exhibit greater systolic BP 

amplification between the brachial and radial arteries, but this has never been confirmed 

using invasive BP data. In the present study there was no association between age and 

brachial-to-radial systolic BP amplification. This may be because our study sample 

consists of mostly mid- to old- age individuals with suspected heart disease and therefore, 

most of the age related changes in arterial structure that contribute to the change in 

systolic BP amplification have already have occurred. Alternatively, it may be that, 

regarding the brachial-to-radial artery pathway, the effect of age on systolic BP 

amplification may only be small. Altogether, there are likely to be differences in the level 

of systolic BP amplification between young healthy individuals and older individuals, but 

the magnitude of these differences and the underling mechanisms remain to be 

determined. 

Understanding the intra-arterial BP difference between the brachial and radial artery is 

important for protocols used in validation studies of non-invasive brachial cuff BP 

devices when intra-arterial radial systolic BP is used as the reference standard.114–120 Such 

studies assume equivalence of systolic BP between the brachial and radial artery. 
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However, as we have shown, this is not a valid assumption and appears to be an 

underappreciated issue. Even the current gold standard non-invasive BP measurement via 

auscultation was originally validated by comparison with intra-arterial BP measured at 

the radial artery.136 It is important to note that brachial cuff systolic BP systematically 

underestimates the true intra-arterial brachial systolic BP by 5.7 mmHg.7 Additionally, if 

we take into consideration the true intra-arterial difference between the brachial and radial 

arteries (averaging 5.5 mmHg), the average difference between brachial cuff systolic BP 

compared with intra-arterial radial systolic BP could be as high as 11 mmHg. Moreover, 

because of the large individual variability in the level of differences between intra-arterial 

brachial and radial systolic BP, the magnitude of difference would have substantial range 

(e.g. between 0 and 40 mmHg). This exemplifies the need to ensure that the accuracy of 

BP devices, whether measured at the brachial or radial arteries, are assessed by 

comparison with intra-arterial measurement at the same arterial site. 

The development of devices that measure BP from wrist arteries underlies a larger trend 

towards measuring more biometric data from wrist-worn wearable devices.137–139 

However, it is unclear as to what BP these wrist-worn devices purport to measure 

(brachial, radial or some other BP?). This is an important consideration because most of 

the clinical evidence for BP and the current guidelines for the management of 

hypertension are based on BP measured at the brachial artery, albeit using cuff devices 

with variable levels of accuracy.7 Yet, it remains to be determined if newly emerging 

wearable BP devices can consistently and accurately reproduce a clinically meaningful 

systolic BP. That is, one that represents the BP exposure to the end organs affected by 

hypertension. Furthermore, the potential for large scale distribution of wearable 

technologies among the general public emphasises the need for rigorous validation of 

these devices to ensure accuracy and clinical usefulness.140 Finally, our observations also 

have implications for devices that record BP waveforms non-invasively from the radial 

artery for the purpose of estimating central BP. The recorded radial artery BP waveform 

is often calibrated to a brachial cuff systolic and diastolic BP. However, this omits 

potential differences in systolic BP between the brachial and radial artery and may 

contribute a significant source of error in the estimation of central BP.133  

A strength of the present study is that, to our knowledge, this is the first study of this size 

and rigor to quantify the magnitude of difference in intra-arterial BP between the brachial 
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and radial arteries. Limitations include the use of fluid filled system for invasive BP 

measurements, however, rigorous quality control measures were employed according to 

guideline recommended protocols133 and thus is unlikely to be a major limiting factor. 

Another limitation is lack of data regarding the test-retest or visit-to-visit reproducibility 

of the intra-arterial BP measurements. This was not possible due to time constraints of 

the clinical environment and ethical issues of conducting repeat invasive measures at 

separate visits. Furthermore, this study was not designed to determine mechanisms of 

brachial to radial systolic BP differences and this should be addressed by future 

investigations. Moreover, because brachial and radial BP were measured sequentially, not 

simultaneously, there may have been hemodynamic changes between the measurement 

of brachial and radial BP that we could not control for. Additionally, data regarding use 

of over the counter medication were not available and we cannot rule out the potential 

influence of over the counter medication on BP in this study. Finally, the study was 

undertaken in a cohort of patients undergoing coronary angiography. Therefore, our 

cohort may not be representative of the general population or the kinds of subjects that 

may participate in validation studies of wrist-worn wearable devices. Indeed, as outlined 

in our discussion, it might be expected that younger, healthy individuals may have greater 

brachial to radial systolic BP amplification, but this has never been determined. 

Perspectives. We have shown that systolic BP measured at the radial artery is not 

representative of brachial systolic BP. Therefore, validation testing utilising intra-arterial 

BP as the reference standard should use intra-arterial BP measured at the same arterial 

location as the brachial cuff or wrist-based wearable device. Furthermore, the rapidly 

growing wearable technology market could provide easy access to regular BP assessment 

to a significant portion of the general public. However, caution should be applied when 

comparing BP values obtained from wearable wrist-worn devices with the clinical 

brachial cuff BP standard; particularly when the wearable device is touted as being useful 

for guiding the management of hypertension.  

3.6 Novelty and significance 

What is New? 

This is the first study of sufficient size and rigor to determine the true difference in intra-

arterial blood pressure (BP) between the brachial and radial artery. Notably, brachial 
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systolic BP was not the same as radial systolic BP and there was substantial individual 

variability in the level of difference in systolic BP between the arterial sites. 

What is relevant? 

Our main finding that radial systolic BP is not equivalent to brachial systolic BP is an 

important issue for newly emerging ‘wearable’ smart watch like devices that measure 

blood pressure from the wrist and validation testing of BP devices where an intra-arterial 

BP is used as the reference standard. In this regard, validation testing of BP devices where 

intra-arterial blood pressure is used as the reference standard should use intra-arterial BP 

measured at the same site as the wrist based wearable or brachial cuff device. Moreover, 

caution should be applied when comparing BP values obtained from wearable wrist-worn 

devices with the clinical brachial cuff BP standard 

3.7 Summary 

Systolic BP measured at the radial artery is not the same as systolic BP measured at the 

brachial artery. This is important for validation testing of BP devices when intra-arterial 

BP is used as the reference standard. Additionally, caution should be applied when 

comparing BP values obtained from newly emerging wearable wrist-worn devices with 

the clinical brachial cuff BP standard and more robust validation is of these devices is 

needed. 

3.8 Contribution of Chapter 3 to the thesis aims. 

Conventional brachial cuff BP does not necessarily represent the clinically important 

aortic BP in all people because systolic BP may be amplified between the aorta and 

brachial artery – this systolic BP amplification occurs to varying degrees between 

individuals. Some non-invasive devices proport to estimate aortic BP from radial artery 

BP waveforms by adjusting for the amplification in systolic BP between the aorta and 

brachial artery. Furthermore, a growing number of wearable devices purport to measure 

BP from the wrist. Therefore, it is important to understand the differences in BP between 

the brachial and radial arteries, but there has been a severe lack of clarity on this issue. 

Chapter 3 of this thesis provides the strongest evidence to date of the differences in BP 

between the brachial and radial arteries, and shows that systolic BP is, on average, 

amplified, while diastolic BP and mean arterial pressure are uniform. The uniformity of 

diastolic BP through the upper limb would suggest that peripheral artery diastolic BP is 

analogous to the central (aortic) diastolic BP, and thus, representative of the pressure 
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experienced by the major organs. Therefore, parameters derived from diastolic waveform 

morphology may represent a convenient way to assess central artery hemodynamics, 

which are difficult to measure non-invasively, from the peripheral artery BP waveform, 

which is relatively uncomplicated to measure non-invasively. As outlined in Chapter 1, 

the reservoir excess pressure model is a computational technique used to derive detailed 

BP waveform indices, many of which have been shown to have clinical value. With this 

in mind, in the following chapter, using the reservoir-excess pressure model, we aimed to 

identify waveform parameters that are consistent in both absolute value and association 

with kidney dysfunction across central and peripheral arteries. Given the findings 

presented in Chapter 3, we were most interested in model parameters related to diastolic 

waveform morphology. 
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Chapter 4 Associations of reservoir-excess pressure parameters 

derived from central and peripheral arteries with kidney function 

 

This thesis chapter has been published and is formatted according to the guidelines of the 

American Journal of Hypertension and addresses Aim 4 of this thesis. 

Armstrong MK, Schultz MG, Picone DS, Black JA, Dwyer N, Roberts-Thomson P & 

Sharman JE. Associations of reservoir-excess pressure parameters derived from central 

and peripheral arteries with kidney function. Am J Hypertens. 2020. hpaa013. 

Link to online article: https://academic.oup.com/ajh/advance-

article/doi/10.1093/ajh/hpaa013/5719540?guestAccessKey=d3ac9e5b-e028-4644-8f66-

5d2717fbc80f  

doi: https://doi.org/10.1093/ajh/hpaa013  

Presentations: 

• High Blood Pressure Research Council of Australia annual scientific meeting. 

Moderated poster. Adelaide, Australia, Nov-18. 

• ARTERY18. Poster presentation. Guimaraes, Portugal, Nov-18. 

 

https://academic.oup.com/ajh/advance-article/doi/10.1093/ajh/hpaa013/5719540?guestAccessKey=d3ac9e5b-e028-4644-8f66-5d2717fbc80f
https://academic.oup.com/ajh/advance-article/doi/10.1093/ajh/hpaa013/5719540?guestAccessKey=d3ac9e5b-e028-4644-8f66-5d2717fbc80f
https://academic.oup.com/ajh/advance-article/doi/10.1093/ajh/hpaa013/5719540?guestAccessKey=d3ac9e5b-e028-4644-8f66-5d2717fbc80f
https://doi.org/10.1093/ajh/hpaa013
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4.1 Abstract 

BACKGROUND: Central artery reservoir-excess pressure parameters are clinically 

important but impractical to record directly. However, diastolic waveform morphology is 

consistent across central and peripheral arteries. Therefore, peripheral artery reservoir-

excess pressure parameters related to diastolic waveform morphology may be 

representative of central parameters and share clinically important associations with end-

organ damage. This has never been determined and was the aim of this study. METHODS: 

Intra-arterial blood pressure waveforms were measured sequentially at the aorta, brachial 

and radial arteries among 220 individuals (aged 61±10 years, 68% male). Customised 

software was used to derive reservoir-excess pressure parameters at each arterial site 

(reservoir and excess pressure, systolic and diastolic rate constants) and clinical relevance 

was determined by association with estimated glomerular filtration rate (eGFR). 

RESULTS: Between the aorta and brachial artery, the mean difference in the diastolic 

rate constant and reservoir pressure integral was -0.162S-1 (P=0.08) and -0.772 mmHg.s 

(P=0.23) respectively. The diastolic rate constant had the strongest and most consistent 

associations with eGFR across aortic and brachial sites (β=-0.20, P=0.02; β=-0.20, 

P=0.03 respectively; adjusted for traditional cardiovascular risk factors). Aortic, but not 

brachial peak reservoir pressure was associated with eGFR in adjusted models (aortic β=-

0.48, P=0.02). CONCLUSIONS: The diastolic rate constant is the most consistent 

reservoir-excess pressure parameter, in both its absolute values and associations with 

kidney dysfunction, when derived from the aorta and brachial artery. Thus, the diastolic 

rate constant could be utilized in the clinical setting to improve BP risk stratification. 

Keywords: Hemodynamics, Physiology, Vascular Stiffness, Hypertension 
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4.2 Introduction 

High blood pressure (BP) is the leading risk factor for cardiovascular disease (CVD) but 

does not account for all the CVD risk associated with BP 141. Additional information on 

CVD risk may be provided by detailed analysis of arterial BP waveform morphology 

using the reservoir-excess pressure model 142. This model deconstructs the BP waveform 

into a reservoir and excess pressure and systolic and diastolic rate constant 143. The 

reservoir pressure is analogous to the instantaneous volume of blood stored in the vessel. 

Furthermore, the systolic and diastolic rate constants relate to the rate of filling and 

discharge of the reservoir pressure respectively 30. The excess pressure is what remains 

once the reservoir pressure has been subtracted from the total pressure. The reservoir 

pressure and diastolic rate constant are predominantly components of the diastolic phase 

while the excess pressure and systolic rate constant occur during the systolic phase. 

Previous studies have shown central reservoir-excess pressure parameters predict adverse 

CVD outcomes independent of conventional risk factors, including BP 20–22,66. However, 

direct measurement of central reservoir-excess pressure parameters is impractical in 

routine clinical practice and derivation of these parameters is limited to peripheral arterial 

sites. 

Central (aortic) BP rather than peripheral (brachial or radial) BP represent the 

hemodynamic load experienced by the end organs (e.g. brain, kidneys and heart) and may 

provide superior CVD risk prediction over peripheral BP waveform parameters 16. 

However, pulsatile components of BP waveform morphology are amplified from central 

to peripheral arteries 5,135,144. Consequently, some reservoir-excess pressure parameters 

undergo amplification from central to peripheral arteries and are not representative of 

central parameters 23. Conversely, diastolic BP waveform morphology is relatively stable 

between central and peripheral arteries 23. This raises the possibility that peripheral 

diastolic reservoir-excess pressure parameters may provide a better representation of the 

central hemodynamic load experienced by the end organs and share clinically important 

associations with sub-clinical markers of end-organ damage such as impaired kidney 

function. Extending on this hypothesis and in line with Aim 4 of this thesis, the aim of 

this study was to determine which reservoir-excess pressure parameters were the most 

consistent, and whether they were similarly associated with estimated glomerular 

filtration rate (eGFR) across central and peripheral arteries. 
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4.3 Methods 

Participants. Individuals scheduled for elective coronary angiography at the Royal 

Hobart Hospital (Hobart, Australia) were approached for inclusion in the study. As 

required for the clinical procedure participants were requested to arrive at the coronary 

angiography laboratory in a post absorptive state, having avoided exercise, alcohol, 

caffeine and food for eight hours.  Exclusion criteria comprised technical or medical 

issues that arose during the study, inter-arm cuff systolic and/or diastolic BP difference >5 

mmHg, the presence of arrhythmia or aortic stenosis and if intra-arterial access via the 

right radial artery was unsuccessful. Additionally, participants were excluded on issues 

pertaining to the derivation of reservoir-excess pressure parameters (more detail is 

provided below). Complete data were available for analysis on 243 participants. The 

study was granted ethical approval by the University of Tasmania Human Research Ethics 

Committee and all participants gave written informed consent. For more detail regarding 

study protocol and exclusions, see Appendix D 1. 

Intra-arterial blood pressure acquisition. Comprehensive methods pertaining to the 

measurement of intra-arterial BP can be found in the methods of Chapter 3. During all 

intra-arterial BP recordings participants refrained from moving and talking and were free 

of substances that may have caused acute hemodynamic changes (such as vasoactive 

medication and contrast dye), as per guideline recommendations 133. Intra-arterial access 

was made via the right radial artery (as per routine clinical procedures) and BP waveforms 

were recorded using a 6Fr (47% of cases) or 5Fr (53% of cases) fluid filled catheter. All 

BP waveform recordings were made following completion of the coronary angiography 

procedure. Firstly, aortic BP waveforms were recorded from the proximal ascending aorta. 

Following this, the catheter was pulled back to the brachial artery (mid humerus) and 

brachial BP waveforms were recorded. Lastly, the catheter was pulled back to the radial 

artery and the sheath used to gain radial access was partially removed to allow for the 

most distal measurement of radial BP waveforms. At each arterial location the position 

of the catheter was confirmed by fluoroscopy and the catheter was flushed before any 

waveform recordings were made. A minimum of 20 seconds of stable BP waveform 

recordings were collected at each arterial site, encompassing at least 2 respiratory cycles. 

The continuous intra-arterial BP waveform recordings were then ensemble averaged into 

a single beat which was used for analysis. Each study took approximately 3 to 4 minutes 

to complete. Pop tests were performed to confirm appropriate dynamic response of the 
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fluid filled system as outlined by Gardner 132. Raw continuous intra-arterial BP waveform 

data were recorded using an analogue to digital converter at a frequency of 1000Hz 

(LabChart 7, AD Instruments, Bella Vista, Australia). 

Derivation of reservoir-excess pressure parameters. Units for continuous BP 

waveform recordings were converted from volts to mmHg using 2-point calibration 

method. Custom-written scripts were used to derive reservoir-excess pressure parameters 

from the ensembled BP waveform. Reservoir pressure was calculated from: 

𝑑𝑃𝑟𝑒𝑠

𝑑𝑡
= 𝑘𝑠(𝑃 − 𝑃𝑟𝑒𝑠) − 𝑘𝑑(𝑃𝑟𝑒𝑠 − 𝑃∞) 

where P is the total measured pressure, ks is the systolic rate constant, kd is the diastolic 

rate constant and 𝑃∞ is the arterial asymptotic pressure. Aortic, brachial and radial BP 

waveforms were excluded from the final analysis based on non-physiological reservoir-

excess pressure parameters identified by a P∞ greater than diastolic BP or less than 0 and 

a negative diastolic rate constant (n = 23 excluded). Identification of these physiological 

implausible values for P∞ is part of the rigours quality control steps built into the 

reservoir-excess pressure algorithm. Therefore, it would be incorrect to include results 

from individuals in whom quality control was not met, as this would significantly impact 

the validity of our findings. 

Assessment of kidney function. Kidney function was determined by eGFR calculated 

using the Cockcroft-Gault equation with additional adjustment for weight extremes as 

previously recommended 145,146. The Cockcroft-Gault equation was chosen for its 

improved CVD risk mortality prediction among populations with elevated cardiovascular 

risk 147.  

Statistical analysis. Data are expressed as mean ± SD or (n%). All statistical analyses 

were performed in R, version 3.5.1 for Windows (R Foundation for Statistical Computing, 

Vienna, Austria). Pearson correlations were used to assess associations of reservoir-

excess pressure parameters derived from waveforms measured at the aorta, brachial and 

radial artery with eGFR. Multivariable linear regression was performed to test the 

independent association of reservoir-excess pressure parameters with eGFR adjusting for 

known CVD risk factors (age, systolic BP, body mass index, sex, type 2 diabetes mellitus, 

hyperlipidaemia, family history of cardiovascular disease, heart rate and antihypertensive 
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medication use). All data were normally distributed and linear models met the assumption 

of normally distributed residuals. Differences in reservoir-excess pressure parameters 

between arterial sites were assessed by percentage change and one-way analysis of 

variance with Tukey’s Honest Significant Difference Test for post hoc comparisons. 

Logistic regression was performed to determine the odds of diastolic rate constant for 

predicting the presence of an estimated glomerular filtration rate ≤59 mL/min (results 

presented in Appendix D 2). A P value <0.05 was considered significant. 

4.4 Results 

Participant characteristics. Participants’ clinical characteristics are presented in  

Table 4.1. Participants were mostly middle-to-older age, overweight and male. There was 

a wide range of eGFR values (28.0 to 181.5 mL/min) and on average participants had 

moderately impaired kidney function according to eGFR. In this regard, 25% of 

participants had an eGFR ≤59 mL/min, 45% had an eGFR between 60 and 89 mL/min 

and the remaining 30% of participants had an eGFR ≥90 mL/min. 8% of participants 

included in the present study had physician diagnosed renal disease. Most participants 

had coronary artery disease, defined as mild to severe coronary artery stenosis in at least 

one coronary artery. Furthermore, half of all participants had physician diagnosed 

hypertension, however BP was on average well controlled. 
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Table 4.1. Clinical characteristics of study participants (n=220). 

 

 

 

 

 

 

 

 

 

 

 

Variable mean ± SD or n (%) 

Age (years) 61.4 ± 9.8 

Sex (male) 150 (68) 

Height (cm) 170.4 ± 10.9 

Weight (kg) 86.1 ± 16.5 

Body mass index (kg/m2) 29.6 ± 4.7 

Hypertension  111 (73) 

Current smoker  48 (22) 

Type 2 diabetes mellitus  60 (27) 

Coronary artery disease  114 (64) 

eGFR (mL/min) 77.1 ± 25.7 

Cuff systolic blood pressure (mmHg) 132.3 ± 17.3 

Cuff diastolic blood pressure (mmHg) 76.8 ± 11.1 

Heart rate (bpm) 64.0 ± 10.9 

eGFR, estimated glomerular filtration rate. 
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Consistency of reservoir-excess pressure parameters across central and peripheral 

arteries. The mean difference in the diastolic rate constant between the aorta and brachial 

artery was -0.162 S-1 (2.396 ± 0.797 and 2.234 ± 0.742 S-1 respectively, P = 0.08) and the 

mean difference between the brachial and radial arteries was -0.039 S-1 (2.234 ± 0.742 

and 2.196 ± 0.787 S-1 respectively, P = 0.86). Between the aorta and radial artery, the 

mean difference in the diastolic rate constant was -0.201 S-1 (P = 0.02).  The mean 

difference in the reservoir pressure integral between the aorta and brachial artery was -

0.772 mmHg.s (18.724 ± 4.972 and 17.952 ± 4.694 mmHg.s respectively, P = 0.23) and 

the mean difference between the brachial and radial arteries was -0.206 mmHg.s (17.952 

± 4.694 and 17.746 ± 4.593 mmHg.s respectively, P = 0.90). Between the aorta and radial 

artery, the mean difference in the reservoir pressure integral was -0.979 mmHg.s (P=0.10). 

These differences accounted for an 8.3% and 4.1% decrease in the diastolic rate constant 

and reservoir pressure integral respectively from the aorta to radial artery. The mean 

difference in the systolic rate constant between the aorta and radial artery was -5.289 S-1 

(14.912 ± 5.129 and 9.622 ± 6.554 S-1 respectively, P <0.001). The mean difference in 

the excess pressure integral between the aorta and radial artery was 2.603 mmHg.s (5.389 

± 2.458 and 7.992 ± 3.460 mmHg.s respectively, P <0.001). Overall, from the aorta to 

radial artery, changes in the systolic rate constant and excess pressure integral represented 

a 35.5% decrease and a 48.3% increase respectively. 

Associations of reservoir excess pressure parameters derived from central and 

peripheral arteries with kidney function. Bivariate associations of reservoir-excess 

pressure parameters with eGFR are presented in Table 4.2. Diastolic rate constants 

derived from aortic, brachial and radial BP waveforms were associated with eGFR 

(Figure 4.1). There was no difference in the strength of correlation of diastolic rate 

constants derived from aortic, brachial or radial waveforms with eGFR (z <1.9, P >0.05 

for all). Moreover, associations of diastolic rate constants with eGFR at aortic and 

brachial artery locations remained in multivariable analyses (Table 4.3). Associations of 

diastolic rate constants derived from radial BP waveforms did not persist after multiple 

adjustment (β = -0.043, P = 0.598). Additional multivariable analyses were performed 

with further adjustment for diastolic BP, pulse pressure or mean arterial pressure, but the 

principal findings were unchanged (see Appendix D 3 for results from multivariable 

models adjusted for pulse pressure; other data not shown). Furthermore, diastolic rate 

constants derived from aortic and brachial artery waveforms were associated to a similar 
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extent with eGFR among participants with an eGFR ≤59 mL/min (aortic r = -0.34, P = 

0.009 and brachial r = -0.34, P = 0.012) and participants with an eGFR ≥60 mL/min 

(aortic r = -0.33, P <0.001 and brachial r = -0.31, P <0.001). However, only the aortic 

diastolic rate constant was associated with eGFR among participants with an eGFR ≥60 

in multivariable analyses (β = -6.98, p = 0.01). Peak reservoir pressure derived from aortic 

and brachial BP waveforms were associated with eGFR but not from radial BP waveforms 

(Table 4.2). Only peak aortic reservoir pressure remained associated with eGFR in 

multivariable models adjusted for all confounders bar age (β = -0.479, 95% confidence 

interval (CI) = -0.201, -0.159). Aortic, brachial and radial excess pressure integrals were 

associated with eGFR (Table 4.2) but these associations did not persist in multivariable 

models (P >0.25 for all). 
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Table 4.2. Bivariate associations of site-specific reservoir-excess pressure parameters with estimated glomerular  

filtration rate 

 

 

 

 

 

 

 

Variable Aortic Brachial Radial 

Diastolic rate constant -0.38 (<0.001) -0.38 (<0.001) -0.26 (<0.001) 

Excess pressure integral -0.29 (<0.001) -0.22 (0.002) -0.28 (<0.001) 

Max excess pressure -0.24 (<0.001) -0.08 (0.264) -0.28 (<0.001) 

Max reservoir pressure -0.25 (0.003) -0.19 (0.006) 0.04 (0.548) 

Systolic rate constant 0.17 (0.018) <0.01 (0.970) 0.13 (0.066) 

Data are r (p). 
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Associations of diastolic rate constants derived from aortic, brachial and radial intra-arterial BP waveforms with estimated glomerular filtration 

rate (eGFR). 

 

 

Figure 4.1. Associations of diastolic rate constants with kidney function. 
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Table 4.3. Multivariable analyses of the associations between estimated glomerular filtration rate and diastolic  

rate constants derived from blood pressure waveforms recorded at the aorta and brachial artery. 

Arterial site Independent variable   

Aorta  β P Partial R2 Adjusted R2 

 Diastolic rate constant -0.203 0.019 0.022 0.39 

 Age -0.430 <0.001 0.120  

 Aortic systolic BP -0.071 0.348 0.003  

 Male sex 0.286 <0.001 0.069  

 Body mass index -0.083 0.227 0.006  

 T2DM 0.064 0.440 0.004  

 Hypercholesterolemia -0.081 0.213 0.006  

 Family history of hypertension 0.128 0.066 0.013  

 Heart rate 0.027 0.676 <0.001  

 Antihypertensive medication -0.034 0.598 0.001  

Brachial     

 Diastolic rate constant -0.199 0.027 0.031 0.36 

 Age -0.427 <0.001 0.169  

 Brachial systolic BP 0.148 0.056 0.024  

 Male sex 0.275 <0.001 0.092  

 Body mass index -0.037 0.581 0.002  
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 T2DM 0.055 0.421 0.004  

 Hypercholesterolemia -0.051 0.438 0.004  

 Family history of hypertension 0.111 0.109 0.015  

 Heart rate 0.009 0.893 <0.001  

 Antihypertensive medication -0.037 0.562 0.002  

BP, blood pressure; T2DM, type 2 diabetes mellitus.  R2 is ANOVA adjusted R squared. 
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4.5 Discussion 

The aim of this study was to determine which of the reservoir-excess pressure parameters 

were most consistent across central and peripheral arteries and if they were similarly 

associated with eGFR. The principal findings were, of the reservoir-excess pressure 

parameters, the brachial diastolic rate constant, brachial reservoir pressure and radial 

reservoir pressure were most consistent with their aortic equivalents. However, the 

diastolic rate constant had the strongest and most consistent associations with eGFR when 

derived from the aorta and brachial artery. These findings suggest that the diastolic rate 

constant could provide clinically meaningful CVD risk information above and beyond 

conventional cuff measured BP.  

BP has been measured using conventional cuff methods for over 100 years. However, 

cuff measured BP only provides information on the extremes of BP (systolic and diastolic 

BP) and gives no information on the underlying BP waveform. The reservoir-excess 

pressure model is a novel method for deriving additional clinical information from BP 

waveform morphology 142. In this regard, reservoir-excess pressure parameters derived 

via tonometry-based methods have been shown to have clinical value 8. Furthermore, it 

has been shown to be feasible to derive reservoir-excess pressure parameters from BP 

waveforms recorded via cuff-based BP devices, but more work is required to refine the 

accuracy of this method 79. In the present study, using intra-arterial BP data, the diastolic 

rate constant and reservoir pressure were the most consistent of the reservoir pressure 

parameters across the aorta to brachial artery segment. The consistency of both these 

parameters is not surprising as both the diastolic rate constant and reservoir pressure are 

mathematically aligned with mid-to-late diastolic waveform morphology 30. Therefore, it 

could be expected that because the diastolic rate constant and reservoir pressure derived 

from brachial artery waveforms are similar to central artery parameters, they represent 

the true hemodynamic load experienced by the end organs. However, only the diastolic 

rate constant was associated with kidney function to a similar extent at the aorta and 

brachial artery suggesting that the diastolic rate constant may be a more clinically viable 

reservoir-excess pressure parameter, at least for the relationship with kidney function. 

Moreover, use of antihypertensive medication has been shown to influence the 

morphology of the BP waveform and may have influenced our results 148. Reassuringly, 

adjustment for antihypertensive medication use did not alter the principal findings of the 

present study but its effect should not be discounted. 
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One of the strengths of the reservoir-excess pressure model over other hemodynamic 

constructs is that its parameters resemble physiological phenomena 30. Aortic inflow 

during systole is received by the large arteries which expand to accommodate increased 

blood volume and is analogous to the reservoir pressure. During diastole, BP steadily 

declines and the large arteries recoil, which facilitates continuous blood flow even when 

aortic input is zero 12. In a stiffened arterial system, the buffering function of the large 

arteries is diminished, and arterial recoil occurs faster 149, thus leading to the rate of 

discharge of the reservoir pressure being greater and the diastolic rate constant being 

higher. As such, the diastolic rate constant is dependent not only on forces opposing the 

discharge of the reservoir pressure (i.e. resistance to outflow distal to its site of 

measurement) but also on the total arterial compliance. Arterial compliance (the inverse 

of arterial stiffness) is itself an independent risk factor for end-organ damage and may in 

part explain the association of diastolic rate constant with impaired kidney function in the 

present study 150. Stiffening of the large arteries and subsequent attenuation of their 

buffering capacity results in excessive pulsatile forces penetrating further into the micro 

vasculature. This has deleterious consequences for highly perfused organs such as the 

brain, heart and kidneys and may lead to target organ damage 71.  

The reservoir-excess pressure model may only be valid in the aorta since this is likely the 

only location where the assumption of ‘zero flow’ could be met, since there are numerous 

flow oscillations (forward and reflected) that occur in periphery 32. An interesting finding 

of the present study was that aortic, but not brachial or radial peak reservoir pressure was 

associated with impaired kidney function. This indicates that the derivation of reservoir 

pressure, at least in regard to its clinical utility, may be most useful when derived from 

aortic BP waveforms. Conversely, excess pressure was associated with impaired kidney 

function when derived from aortic, brachial and radial arteries (albeit with much less 

strength and consistency than for the associations with the diastolic rate constant). These 

findings are consistent with data from independent investigators showing excess pressure 

derived from the radial artery independently predicts target organ damage and 

cardiovascular events 8. Our observed lack of consistency in associations of excess 

pressure with impaired kidney function across central and peripheral arteries is probably 

due to individual variability in the amplification of excess pressure from central to 

peripheral arteries 23. This site-specific variability suggests that central excess pressure 

may be more difficult to measure in a clinical setting at peripheral arterial locations. 
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A strength of the present study was the use of intra-arterial BP waveforms, which allowed 

for the accurate derivation of central and peripheral reservoir-excess pressure parameters. 

On the other hand, if handled incorrectly the use of fluid filled system for intra-arterial 

BP waveform recordings is a potential limitation. However, rigorous quality control 

procedures were employed, appropriate dynamic responses were confirmed via pop-tests 

and all measurements were performed in accordance with guideline recommendations 133. 

A limitation of our study is the use of eGFR for the assessment of kidney function. It 

would have been beneficial to determine associations of the diastolic rate constant with 

additional biomarkers such as albuminuria or proteinuria. Additionally, data regarding 

use of over the counter medication were not available and we cannot rule out the potential 

influence of over the counter medication on BP in this study. Finally, the diastolic rate 

constant is a parameter derived via analysis of the BP waveform. Yet, there may be 

significant differences in BP waveform shape between young, healthy individuals and 

older individuals with established cardiovascular risk factors. Because the diastolic rate 

constant is proportional to arterial resistance and compliance, as individuals get older, the 

diastolic rate constant will increase. Our participants were mostly middle to older age 

male patients with an indication for coronary angiography and therefore, results may not 

be representative of the general population, or other patient cohorts. In future studies it 

would be valuable to determine if the diastolic rate constant measured in early life is 

predictive of future cardiovascular risk. 

In conclusion, we have shown that of the reservoir-excess pressure parameters the 

diastolic rate constant and reservoir pressure were most consistent across the aorta to 

brachial artery segment. However, only the diastolic rate constant had consistent 

associations with impaired kidney function when derived from the aorta and brachial 

artery. In this regard, the diastolic rate constant could be utilized in the clinical setting to 

provide additive information related to BP waveform morphology to help improve BP 

risk stratification. 

4.6 Contribution of Chapter 4 to the thesis aims. 

Conventional BP is typically measured from peripheral arteries such as the brachial and 

radial arteries. Assessment of the central artery hemodynamics is clinically valuable but 

difficult in practice due to inaccessibility of the central vasculature to non-invasive 

monitoring and the differences in BP between the central and peripheral arteries. In 
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Chapter 4 we identify the diastolic rate constant as a potentially useful BP waveform 

parameter for assessing central artery hemodynamics from peripheral artery BP 

waveforms. In general, parameters related to diastolic BP waveform morphology were 

uniform across central and peripheral arteries while parameters related to systolic 

waveform morphology were amplified. Indeed, in Chapter 3 of this thesis, it was shown 

that systolic BP is, on average, amplified between the central and peripheral arteries. In 

Chapter 4, we showed that excess pressure in particular was significantly amplified 

between the aorta and radial artery. This finding was uprising given that excess pressure 

is strongly related to systolic BP waveform morphology (as discussed in detail in Chapter 

1). Previously, excess pressure derived from the aortic BP waveform has been shown to 

be equivalent to aortic flow waveform. Yet, due to the amplification of excess pressure 

from the central to peripheral arteries, it is unclear if this relationship is maintained when 

excess pressure is derived from peripheral artery BP waveforms. In the next chapter we 

sought to determine if the equivalency of excess pressure to blood flow persisted in 

peripheral arteries as well. 
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Chapter 5 Excess pressure as an analogue of blood flow velocity 

At the time of thesis submission this chapter has been submitted. The chapter has been 

formatted according to the guidelines of Journal of Hypertension and addresses Aim 5 of 

this thesis. 

Armstrong MK, Schultz MG, Hughes AD, Picone DS, Black JA, Dwyer N, Roberts-

Thomson P & Sharman JE. Excess pressure as an analogue of blood flow velocity. J 

Hypertens. Under review. 

Chapter 5 has been removed
for copyright or proprietary
reasons.

It has been published as: Armstrong MK, Schultz MG, Hughes AD, Picone 
DS, Black JA, Dwyer N, Roberts-Thomson P & Sharman JE. Excess pressure 
as an analogue of blood flow velocity, Journal of hypertension, 6 October 
2020, ahead of print
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Chapter 6 Conclusions and future directions 
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This thesis provides novel and important information on the differences in hemodynamics 

across central and peripheral arteries and identifies key waveform parameters, which may 

facilitate a more comprehensive assessment of the risk posed by high BP. Chapter 1 

provides the first comprehensive review of the physiological and clinical data relating to 

reservoir-excess pressure model parameters. This review highlighted how the underlying 

physiology of the reservoir-excess pressure model parameters was related to the clinical 

value, and identified important gaps in the literature. In Chapter 2, the usefulness of the 

ab-ratio as a means for assessing central and peripheral artery vascular properties was 

determined. This was the first study to show that among healthy individuals, the ab-ratio 

was dependent on BP, which limits its more extensive use as a marker of central-to-

peripheral vascular properties. Chapter 3 provides the first robust analysis of sufficient 

size and rigor of intra-arterial BP differences between the brachial and radial arteries. On 

average, systolic BP was higher in the radial artery compared to the brachial artery, and 

there was large between-person variability in the magnitude of difference. In Chapter 4, 

the first study to determine the clinical value of reservoir-excess pressure parameters 

derived from central and peripheral artery BP waveforms was completed. It was 

discovered that the diastolic rate constant was the most consistent in both its absolute 

value and association with target-organ damage when derived from central and peripheral 

artery BP waveforms. Finally, Chapter 5 explored the relationship of excess pressure to 

blood flow velocity derived from peripheral artery BP waveforms. The findings from this 

study extend previous observations on the equivalency of excess pressure to blood flow 

velocity derived from central artery BP waveforms (aortic and carotid) to peripheral 

artery BP waveforms as well (brachial and radial). Taken together, the work contained 

within this thesis represents a significant advancement to the understanding of central-to-

peripheral artery hemodynamics and BP waveform morphology. 

The novel finding presented in Chapter 2 shows that the ab-ratio is BP independent among 

patient populations, but BP dependent in healthy individuals. Therefore, the ab-ratio is 

not truly independent of the influence of BP. However, this study only determined cross-

sectional associations and it would be valuable to understand the BP dependence of the 

ab-ratio in larger longitudinal studies comprising healthy individuals, as well as those 

with vascular disease. Carotid-femoral pulse-wave velocity is a gold standard measure of 

arterial stiffness, and its association with adverse cardiovascular outcomes is well known. 

15 However, it has never been extensively used in routine clinical practice, in part, because 
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of its profound dependence on BP. Thus, a BP independent marker of arterial stiffness, 

which provides a measure of the intrinsic stiffness of the arterial wall, may have 

significant clinical value. Though several arterial stiffness markers have claimed BP 

independence, such as the cardio-ankle vascular index and stiffness index beta, these 

measures also fall short of true BP independence. 171 Thus, future studies may focus on 

identifying markers of arterial stiffness that are BP independent and easy to measure in a 

clinical setting. Simplifying the measurement of arterial stiffness may also be a useful 

endeavour. In this regard, authors have proposed latent variables, comprising easily 

obtained clinical measures (age, systolic BP fasting glucose, and eGFR), which predict 

high arterial stiffness, as assessed by aortic PWV. 172 Moreover, contactless measurement 

of aortic PWV is now possible using ultrawideband radar and laser Doppler vibrometry 

technology or by simply stepping onto the bathroom scales in the morning. 173–175 

The key result from Chapter 3 shows that radial artery systolic BP is, on average, 5.5 

mmHg higher than brachial systolic BP but with significant between-person variability 

in the magnitude of difference. Because aortic BP is thought to be the most clinically 

important, there are a number of specialist devices that estimate aortic BP via analysis of 

the peripheral artery BP waveform. 16,176 Yet, the accuracy of these devices for estimating 

aortic BP is questionable. 133,177 One of the main hurdles to the accurate estimation of 

aortic BP from the peripheral artery BP waveform is the amplification of systolic BP 

between central and peripheral arteries (aortic-to-brachial and brachial-to-radial), but 

more specifically, the significant between-person variability in the magnitude of 

amplification. 127,128 In future studies, it would be valuable to explore novel waveform 

features that may predict the magnitude of systolic BP difference between the central and 

peripheral arteries at the individual level. This might be achieved via novel hemodynamic 

models such as the reservoir-excess pressure model, or by applying different statistical 

approaches to the analysis of existing BP waveform indices (including reservoir-excess 

pressure parameters). Recently, using a combination of 14 BP waveform parameters, 

principal component analysis was used to identify three unique clusters of waveform 

features (three independent, linear combinations of the original parameters). 41 These 

waveform clusters had distinct relationships with age, physiological variables, and 

cardiovascular events. 41 It would be interesting to determine if novel combinations of 

waveform features, such as those derived from principal component analysis or more 

powerful bioinformatic techniques such as machine learning, would show some value for 
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predicting central-to-peripheral artery systolic BP amplification. Convenience dictates 

that BP be measured from peripheral (brachial and radial) arteries. Therefore, 

understanding and predicting the hemodynamic differences between central and 

peripheral arteries is a critical step towards providing better individualised assessment of 

central artery hemodynamics. 

Differences in systolic BP between the brachial and radial arteries, as observed in Chapter 

3, also have implications for new wrist-based wearables that purport to measure a clinical 

valid BP (brachial or aortic BP) from the wrist. These devices are ubiquitous sale online 

and are gaining in popularity as more reputable companies in the area of BP measurement, 

such as Omron, have entered the market with their smartwatch BP devices. 178 Moreover, 

in 2017 the Food and Drug Administration (FDA) passed legislation giving several 

technology companies the ability to fast-track the approval of health-focused technology 

devices. Yet, FDA approval of a BP device does not necessarily equate to a clinically 

valid and accurate BP device. 179 The popularity of smartwatch devices may afford an 

opportunity to bring BP measurement to millions of individuals who might not otherwise 

measure their BP. However, critical next steps include a need to ensure novel wearable 

BP devices are validated according to internationally accepted protocols and results from 

these validation studies are published in full detail. 180 There is also a need for greater 

transparency around how these novel wrist-based (or devices measuring BP from other 

arterial locations) wearable BP devices calculate BP. 181 Until this time, these devices 

should not be used to guide the medical management of hypertension in clinical practice.  

The results from Chapter 4 show that the brachial diastolic rate constant is somewhat 

representative of the aortic diastolic rate constant and shares similar associations with 

kidney dysfunction (as determined by association with eGFR). The findings may provide 

an opportunity to gain clinically relevant information related to central artery 

hemodynamics and the BP load experienced by the organs (brain, kidneys, and heart) 

from the peripheral artery BP waveform. In this study, however, the diastolic rate constant 

was derived using intra-arterial BP waveforms, and the next step would be to determine 

if these results can be replicated using non-invasive methods. In particular, several cuff-

based BP devices are capable of recording BP waveforms from the brachial artery, and it 

has been shown to be practically feasible to derive reservoir-excess pressure parameters 

from BP waveforms recorded via a cuff-based device. 79 Still, more work is needed to 
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facilitate a more faithful reproduction of the intra-arterial BP waveform using brachial 

cuff-based BP devices, which is an important step toward the wider application of BP 

waveform analysis in routine clinical practice. Additionally, it remains unknown as to 

whether the diastolic rate constant is associated with markers of target-organ damage 

related to the brain and heart, and further studies are needed to determine this. 

Finally, Chapter 5 shows that excess pressure is analogous to blood flow velocity when 

derived from brachial and radial artery BP waveforms. This finding may have clinical 

relevance because several devices rely on estimates of blood flow from peripheral artery 

BP waveforms for the purpose of continuous hemodynamic monitoring among the 

critically ill. However, future work is needed to identify possible methods for scaling the 

excess pressure waveforms to derive absolute values of flow velocity (as measured in 

m/s). In Chapter 5, there was a linear relationship observed between the pulse height of 

excess pressure and blood flow velocity. Therefore, a linear correction may be 

implemented to calibrate the excess pressure waveform, but this would likely be too 

simplistic to obtain reliable absolute values of flow velocity in practice. More 

sophisticated statistical techniques incorporating individual participant characteristics 

and additional BP waveform features to derive more robust excess pressure calibration 

might achieve acceptable levels of accuracy, but this remains to be determined. 

Furthermore, continuous hemodynamic monitoring is most valuable and common among 

critically ill individuals. Confirmation of the equivalency of excess pressure to blood flow 

velocity among the critically ill is an important next step towards understanding the 

translational value of excess pressure for continuous hemodynamic monitoring in clinical 

practice. 

Additionally, excess pressure may be useful for wave intensity and wave separation 

analysis, which requires simultaneous recordings of BP and flow. Wave separation 

analysis has been performed by employing triangular flow approximations in order to 

calculate wave reflection index and magnitude from only the aortic BP waveform with 

acceptable accuracy. 26 However, triangular flow approximation is too simplistic to 

represent physiological flow, especially in the peripheral arteries, where flow reversal is 

common. A more physiologically representative flow waveform, obtained by averaging 

the directly measured flow waveforms from 74 individuals, has been shown to provide 

more accurate results for wave separation analysis. 164 Yet, this requires directly measured 
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flow from multiple individuals, whereas the derivation of excess pressure requires only 

the BP waveform. With all this in mind, excess pressure may represent a convenient and 

physiologically representative surrogate of flow, which can be utilised for a pressure only 

approach to wave intensity and separation analysis. Future studies are required to 

determine the concordance of parameters derived via wave intensity and separation 

analysis using excess pressure as a flow surrogate versus parameters derived using 

directly measured flow. 
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Appendices 

All supplemental materials were peer-reviewed as part of the overall process for journal 

publication and are presented in their final published form. 
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Appendix A. Supplementary material for chapter 2 

Appendix A presents information from the online-only supplemental content from the 

publication that is presented in Chapter 2 of this thesis (Aortic-to-brachial artery stiffness 

gradient is not blood pressure independent). 

 

 



153 

 

 

Appendix A 1. Group difference between all subjects with disease stratified by 

tertiles of aortic-to-brachial artery stiffness gradient. 

 

 

Variable Tertile 1 

(n=112) 

Tertile 2 

(n=112) 

Tertile 3 

(n=111) 

P 

Value 

Age (years) 59 ± 10# 64 ± 7* 67 ± 7*,# <0.001 

BMI (kg/m2) 28.6 ± 4.7 29.2 ± 4.2 30.2 ± 5.2* 0.002 

Waist to hip ratio 0.99 ± 0.76 0.92 ± 0.14 0.92 ± 0.14 0.60 

Total cholesterol 

(mmol/L) 

4.87 ± 0.96 5.19 ± 1.06 5.02 ± 1.01 0.42 

HDL (mmol/L) 1.37 ± 0.41 1.40 ± 0.39 1.46 ± 0.49 0.57 

LDL (mmol/L) 2.87 ± 0.89 3.03 ± 0.95 2.92 ± 0.90 0.71 

Glucose (mmol/L) 5.86 ± 1.57 6.04 ± 1.86 5.10 ± 1.82 0.074 

eGFR (mL/min/1.73m2) 80.6 ± 32.8# 68.4 ± 31.0* 65.9 ± 32.1*,# <0.001 

Systolic BP (mmHg) 123.8 ± 13.3# 127.0 ± 12.9* 130.8 ± 14.5* <0.001 

Diastolic BP (mmHg) 75.4 ± 9.3 73.9 ± 9.3 72.6 ± 9.8 0.25 

Aortic PWV (m/s) 7.55 ± 1.15# 8.84 ± 1.3* 11.24 ± 2.12*,# <0.001 

Brachial PWV (m/s) 8.51 ± 1.00# 7.95 ± 1.09* 7.62 ± 1.23*,# <0.001 

Data are mean ± SD. BMI, body mass index; HDL, high density lipoprotein; LDL, low 

density lipoprotein; eGFR, estimated glomerular filtration rate; BP, blood pressure; 

PWV, pulse wave velocity. 

* P <0.05 vs. Tertile 1 

# P <0.05 vs. Tertile 2 
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Associations of ab-ratio with MAP among all subjects in disease groups with hypertension(n=298). Subjects are stratified by BMI (plot A), 

smoking status (plot B) and sex (plot C). Ab-ratio was not associated with MAP among subjects stratified by BMI or smoking status (r <0.08, p > 

0.32 for all). However, when stratified by sex (plot C), the ab-ratio was associated with MAP among females (r = 0.16, p = 0.04) but not males (r 

= 0.02, p = 0.79). There was no significant difference in the strength of relationship between ab-ratio and MAP among subjects stratified by BMI, 

smoking status or sex (Z >0.24, p >0.09, for all). In analyses assessing the interaction of BMI (>30 kg/m2), smoking status and sex on the association 

of ab-ratio with MAP, none had a significant interaction. 
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Appendix B. Supplementary material for chapter 3 

Appendix B presents information from the online-only supplemental content from the 

publication that is presented in Chapter 3 of this thesis (Brachial and radial systolic blood 

pressure are not the same: evidence to support the Popeye phenomenon). 
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Appendix B 1. Reference list of studies where intra-arterial radial blood pressure 

was used as an analogue of brachial blood pressure. 

Count Reference 
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8. Finnie, K. J., et al. (1984). "Biases in the measurement of arterial pressure." 

Crit Care Med 12(11): 965-968. 

9. Ganio, M. S., et al. (2011). "Validity of auscultatory and Penaz blood pressure 
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challenge." Am J Physiol Regul Integr Comp Physiol 301(5): R1510-1516. 

10. Gorback, M. S., et al. (1990). "The accuracy of rapid oscillometric blood 

pressure determination." Biomed Instrum Technol 24(5): 371-374. 
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Appendix B 2. Clinical characteristics of participants stratified by magnitude of increase in systolic blood pressure between the brachial 

and radial arteries. 

Variable Radial SBP within 

±5 mmHg of 

brachial 

Radial SBP between 5 

& 10 mmHg higher 

than brachial 

Radial SBP between 10 

& 15 mmHg higher than 

brachial 

Radial SBP >15 

mmHg higher than 

brachial 

P 

value 

Age (years) 60.6 ± 10.6 61.8 ± 11.1 60.3 ± 9.8 63.8 ± 8.2 0.54 

Sex (male) 50 (71) 24 (65) 18 (72) 21 (81)  

Height (cm) 171.2 ± 8.9 169.6 ± 11.3 169.4 ± 9.5 174.7 ± 8.8 0.16 

Weight (kg) 88.1 ± 18.8 85.7 ± 16.3 83.6 ± 17.0 86.4 ± 17.8 0.72 

Body mass index (kg/m2) 30.0 ± 4.8 29.9 ± 5.55 29.1 ± 5.5 27.9 ± 4.9 0.33 

Family history of CVD  40 (60) 20 (57) 14 (58) 11 (48) 0.42 

Hypertension  39 (60) 18 (53) 13 (52) 14 (56) 0.87 

Current smoker  15 (22) 6 (17) 3 (13) 2 (8) 0.47 

Ex-smoker 26 (39) 16 (44) 7 (30) 6 (25) 0.41 

Hyperlipidaemia  45 (70) 18 (56) 14 (64) 18 (75) 0.42 

Type 2 diabetes mellitus  16 (22) 4 (11) 10 (40) 9 (34) 0.04 

Renal disease  8 (11) 5 (14) 4 (16) 3 (11) 0.48 

Coronary artery disease  47 (67) 22 (59) 18 (72) 22 (85) 0.19 

eGFR (mL/min/1.73m2) 85.5 ± 17.5 78.4 ± 20.2 85.8 ± 20.9 78.9 ± 21.1 0.18 
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SBP, systolic blood pressure; CVD, cardiovascular disease; eGFR, estimated glomerular filtration rate. Data are mean ± SD or n (%). 
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Appendix B 3. Confirmation of catheter position by fluoroscopy at the mid 

brachial (left image) and distal radial (right image) positions. 
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Appendix B 4. Right radial access showing partial removal of the sheath to allow 

for the most distal measurement of radial blood pressure. 
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Appendix B 5. Protocol for calibration of blood pressure waveform recordings. 
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1. Labchart Pressure File Calibration 

2. Open the Labchart file corresponding to the calibration printout (pre-cath or 

pullback) 

3. Click the “Comments” tab to open a drop-down menu of the comment markers in 

the file. 

4. Click the “Calibration” marker. 

5. Scroll to the right until you find the zero/calibration area (as per image). Notice 

the units are Volts – this process allows us to calibrate to mmHg. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

6. Check the calibration form (see below) to ensure the waveforms match and find 

the correct points for the calibration. These are shown below in the highlighted 

and red circled places. 
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7. Back in Labchart, click and drag to highlight the region of interest you will use 

for the calibration. 

 

 

 

 

 

 

 

 

 

 

 

 

8. Click the channel details top right corner. In this example it is labelled as “Invasive 

pressure”. Then a drop-down menu will appear, click “Units Conversion…”. 
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9. The unit conversion box will be displayed, and adjust as follows: 

• Change Units from “V” to “mmHg”. 

• Adjust scale (highlighted) so that the areas of interest are visible. Click 

and drag the axis or click the +/- buttons to change the scale. 
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10. Once the scale is appropriate, click on the trace to identify “Point 1”. Then click 

the point 1 arrow (see below), to populate the field with the value (in Volts). Then 

add a zero to the right-hand side for point 1, to indicate that this value in Volts = 

0 mmHg. 

 

 

 

 

 

 

 

 

 

 

 

 

 

11. Do the same for point 2, zooming in as much as possible so that the correct point 

can be selected. Click the arrow and then enter the mmHg value. 

 

 

 

 

 

 

 

 

 

 

 

 

 

12. Click ok and save the file 
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Appendix C. Response to the letter from the editor regarding article 

“Brachial and radial systolic blood pressure are not the same: evidence to 

support the Popeye phenomenon” 
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In Response:  

We thank Professor O’Rourke et al for the opportunity to clarify several issues. 182 They 

have attributed our findings of brachial-to-radial systolic blood pressure (SBP) 

amplification to methodological problems and creation of a reflection site at the radial 

catheter insertion site. This is a possibility that we had given careful consideration during 

data collection, including analyses that were not originally presented, but are now 

provided below. First, we emphasize that an argument against a systematic error from 

creation of a radial reflection site is that SBP amplification would have been observed in 

all subjects. This was not the case, as 77 subjects (43% of the sample) had no appreciable 

SBP amplification. 152 We also recorded intra-arterial waveforms at intervals between the 

brachial and radial arteries among 9 subjects. If any aspect of radial cannulation was 

creating a major reflection site (eg, trauma and sheath), 152 we would have consistently 

seen increases in augmented pressure (if not also SBP) in all subjects during catheter 

pulled back. This was not the case, as can be seen in the Figure exemplars (Appendix C 

1) of one subject with significant SBP amplification and another, where SBP 

amplification is absent. Furthermore, to determine if the sheath itself could influence 

pressure waveform morphology, we measured radial pressure using a pressure wire, both 

with and without the presence of the sheath. This difficult task was only undertaken in 

one subject, and the ensemble averaged waveforms are presented in the top panels of 

Appendix C 1. If the sheath was creating significant reflection, the SBP would have been 

higher, but this did not occur. Not only do these data underscore the key finding of major 

individual differences in SBP amplification, but also shows that augmentation index does 

not necessarily increase from the brachial-to-radial artery. Of further relevance, radial 

augmentation index was negatively associated with SBP amplification in multivariable 

analysis (article, Table 3.3), whereas a positive relationship would have been observed 

had methodology-induced wave re-flection contributed to increased SBP amplification, 

as proposed by our colleagues. 182 

The data presented by our colleagues in a small sample of 14 subjects 182 does not refute 

our findings, because they do not show the within-subject changes in brachial-to-radial 

SBP. Notably, their data show an increase in radial pulse pressure and the mean radial 

SBP value is higher, 182 implying that brachial-to-radial SBP amplification occurred in 

some individuals. Their methodology does not address whether wave reflection is created 

at the radial site, because there was no radial access comparator. We also point out that 
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the views of our colleagues have already been refuted by Davies et al, 122 who used a 

similar protocol to theirs (in 12 subjects), but reached the same conclusion as us on the 

existence of substantial difference between brachial and radial SBP (as do the only other 

invasive studies in small study samples). 123,125 Altogether our data reassure that the 

methods we employed were sound, and confidence is maintained in the original 

conclusions that major brachial-to-radial SBP amplification is a real physiological 

phenomenon that occurs in some people. 152 
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Appendix C 1. Intra-arterial radial blood pressure (BP) measured with and without 

the sheath (top panel). Incremental pull back in individuals with and without major 

systolic BP amplification (bottom panel). 
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Appendix D. Supplementary material for chapter 4 

Appendix D presents information from the online-only supplemental content from the 

publication that is presented in Chapter 4 of this thesis (Associations of reservoir-excess 

pressure parameters derived from central and peripheral arteries with kidney function). 
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Appendix D 1. Additional methods 

Protocol. Participants were approached for inclusion in the study at the Royal Hobart 

Hospital coronary angiography waiting bay prior to the clinical procedure. Upon arrival, 

consent was sought and if confirmed, conventional blood pressure was measured on the 

upper left and right arms simultaneously in triplicate using two identical and validated 

devices (UA767, A&D Medical, Tokyo, Japan). If the average inter-arm systolic or 

diastolic blood pressure were >5 mmHg different, additional data collection did not 

proceed, and the participant was excluded from the study. This protocol was employed to 

reduce the potential error from changes in blood pressure amplification associated with 

upper limb obstructive disease. 

 

Appendix D 2. Additional results 

Aortic, brachial and radial diastolic rate constants were significantly associated with the 

presence of an eGFR ≤59 mL/min (aortic odds ratio[OR] = 1.97, 95%confidance 

interval[CI] 1.31-3.03, p = 0.001; brachial OR = 2.06, 95%CI 1.36-3.23, p <0.001; radial 

OR = 1.75, 95%CI 1.19-2.63, p = 0.005). Moreover, these associations remained after 

adjustment for systolic blood pressure and heart rate (p <0.02 for all). 
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Appendix D 3. Multivariable analyses of the associations between estimated 

glomerular filtration rate and diastolic rate constants derived from blood pressure 

waveforms recorded at the aorta and brachial artery. In these models pulse 

pressure is included in place of systolic blood pressure. 

 

Arterial site Independent variable   

Aorta  β P Adjusted R2 

 Diastolic rate constant -0.223 0.012 0.39 

 Age -0.444 <0.001  

 Aortic pulse pressure -0.106 0.213  

 Male sex 0.304 <0.001  

 Body mass index -0.072 0.292  

 T2DM 0.058 0.386  

 Hypercholesterolemia -0.083 0.200  

 Family history of hypertension 0.130 0.062  

 Heart rate 0.040 0.541  

 Antihypertensive medication -0.034 0.600  

Brachial    

 Diastolic rate constant -0.220 0.015 0.37 

 Age -0.450 <0.001  

 Brachial pulse pressure 0.190 0.022  

 Male sex 0.302 <0.001  

 Body mass index -0.018 0.792  

 T2DM 0.043 0.526  

 Hypercholesterolemia -0.057 0.375  

 Family history of hypertension 0.118 0.087  

 Heart rate 0.019 0.771  

 Antihypertensive medication -0.034 0.594  

BP, blood pressure; T2DM, type 2 diabetes mellitus.  R2 is ANOVA adjusted R squared.                                            




