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Abstract 
 

 

Cardiovascular disease (CVD) is the leading cause of mortality worldwide accounting 

for almost a third of all deaths. Nearly 18 million people around the world die from this 

disease each year with coronary artery disease (CAD) causing myocardial infarction, 

and stroke accounting for 80% of the mortality. The most frequently used test when 

screening for CAD is the cardiac stress test. This is performed by using exercise 

modalities (treadmill, cycle ergometer or arm ergometer) or by using pharmacological 

agents to induce cardiac stress. Beyond acknowledged contraindications to terminate 

these tests, there has been much debate regarding a suitable measure of sufficient 

cardiac stress. For many years age-predicted maximum heart rate (APMHR) has been 

accepted as an appropriate termination point consistent with significant cardiac stress in 

those without a positive indication of CAD. Surprisingly, this practice has not been 

validated in the setting of screening for CAD. Rate pressure product (RPP) (heart rate x 

systolic blood pressure) however has been demonstrated as an accurate indirect measure 

of myocardial oxygen consumption and therefore work of the heart. While RPP is 

frequently reported as a surrogate measure for cardiovascular (CV) or microvascular 

function, it is not commonly used as a measure of sufficient cardiac stress. 

The overall aim of the studies reported in this thesis was to evaluate RPP as a 

suitable diagnostic and prognostic measure of CV outcome in patients screened for 

CAD both during exercise and pharmacological stress. RPP demonstrated valuable 

diagnostic and prognostic outcomes during exercise, showing significant superiority to 

predict CV events to the widely used APMHR. 
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Chapter 1 of this thesis briefly introduces the reader to the research subject. The 

2nd chapter provides a literature review on RPP with a focus in the setting of CAD. 

Chapter 3 discusses the research aims and significance of the project in the clinical 

setting and wider community.  Chapter 4 describes the general methodology used in this 

research with emphasis on the standardisation of the testing procedures employed 

throughout. 

Chapter 5 looks at the RPP response comparing the use of handrail support and 

no handrail support during exercise treadmill testing (ETT). While overall there was no 

difference in maximum RPP (MRPP) with and without handrail support, those 

unfamiliar with treadmill exercise produced a significantly greater MRPP with support 

(7.5% increase). When extrapolated to a clinical population this could be useful in 

screening for CAD when the goal of the ETT is to elicit maximal cardiac work. 

Chapter 6 explores the utility of RPP as a diagnostic and prognostic variable for 

future CV events in patients with reduced functional capacity during ETT. A cut point 

for RPP was revealed above which very few CV events were documented during a 5-

year follow-up, potentially alleviating the need for downstream testing in this group. 

Furthermore, RPP outperformed APMHR when comparisons between these 2 variables 

were made.   

The 7th chapter evaluates RPP, APMHR and heart rate reserve (HRR), as 

diagnostic and prognostic predictors of future CV events. Unlike earlier studies this 

chapter reports the utilisation of pharmacological myocardial stress with dobutamine. 

We demonstrated HRR to be an excellent predictor of future CV events in those 

performing an otherwise negative dobutamine stress echocardiogram (DSE). In doing so 
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we identified the shortcomings of RPP and APMHR in this setting. We believe this is 

the first study to demonstrate this. 

Chapter 8 describes the final experimental study performed aiming to confirm 

the findings of chapter 6. This study comprised a much larger cohort than reported in 

chapter 6 and included additional echocardiographic findings. Unlike chapter 6 where 

only those with reduced functional capacity were included, the current study involved 

all negative tests performed during the collection period. Remarkably, the RPP cut point 

demonstrating the best predictive outcome, was nearly identical to that noted in chapter 

6. Furthermore, failure to produce the cut-off value for RPP was the strongest predictor 

of CV events during follow-up. Similarly, to the findings in chapter 6, APMHR was 

found to be inferior to RPP for the detection of future CV events. 

Chapter 9 is comprised of a case study series drawn from the experimental 

studies reported in chapters 6 to 8. The cases were selected to display the strengths and 

weaknesses of RPP in the setting of coronary compensatory mechanisms 

(collateralisation, non-dominant flow and balanced ischemia) that inadvertently mask 

myocardial ischemia during exercise testing. The individual cases discussed 

demonstrated the effective use of MRPP in conjunction with maximum fatigue in 

unmasking ischemia in these complex scenarios albeit with associated caveats.      

In conclusion, the work reported in this thesis demonstrates RPP during ETT to 

be superior to APMHR as a diagnostic and prognostic predictor of future CV events. 

The results herein warrant further investigation in this area to validate the use of RPP in 

clinical decision-making in patients screened for CAD.   
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1.1 Overview of the project 

 

Rate pressure product (RPP), also known as the cardiovascular (CV) product, double 

product, or less frequently, as the myocardial index, is derived by multiplying the 

systolic blood pressure (SBP) by heart rate (HR). It is commonly used in cardiology and 

exercise physiology as an indirect indicator of myocardial oxygen consumption (MV̇O2) 

and thus the work performed by the heart (1-3). RPP has been extensively investigated 

in relation to lifestyle attributes, exercise, rehabilitation therapy, medical conditions and 

drug interactions (4-14). In these studies, RPP was used as a surrogate measure for CV 

or microvascular function. As a diagnostic and prognostic measure for the investigation 

of coronary artery disease (CAD), RPP has been reported less frequently in the 

literature, with mixed results on the clinical utility (15-19). 
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2.0  

Literature review 
 

This chapter will review the elements and measures of RPP in the literature, with an 

overall focus in the setting of CAD. 
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2.1 Myocardial Oxygen Consumption 
 

Myocardial oxygen consumption (MV̇O2) or as it is simply known, myocardial work, is 

determined by the heart’s basal oxygen expenditure, plus that needed to generate a 

cardiac output, which is a function of heart rate, myocardial contractility and ventricular 

wall tension during systole (20). In the past, direct catheterization of the coronary sinus 

was performed to accurately determine myocardial work (21-23); however, less 

invasive procedures such as positron emission tomography (24) and more recently 

magnetic resonance imaging  (25)  now yield excellent results. Furthermore, Sarnoff et 

al. (26) demonstrated a correlation between oxygen consumption per beat and the 

product of average systolic pressure and the duration of systole. Motivated by these 

findings, Katz and Feinberg found that cardiac effort expressed as mean aortic pressure 

and HR correlated well with MV̇O2 (27). In the exercise setting, Gobel and colleagues 

found excellent correlation (r=0.83) between RPP and MV̇O2 in normotensive subjects 

with angina and previously diagnosed ischemic heart disease (2). Correlations between 

RPP with whole body oxygen consumption (V̇O2) have yielded mixed results. There are 

several studies demonstrating excellent correlation between these variables in low to 

moderate CV risk subjects (28, 29); however, the results are mixed in those with CAD 

(30, 31). These studies all report (or consist of) small participant numbers and studies 

with greater numbers would be of benefit in this area.  

The type of protocol and the mode of exercise have been shown to influence 

RPP during stress testing (32, 33). In 2007, Noel et al. demonstrated that the RPP was 

higher at the ischemic threshold (p<0.007) using a ramp protocol rather than a standard 

Bruce protocol. They also demonstrated that mode of exercise rather than protocol was 

associated with the attenuation of a positive electrocardiogram (ECG), independent of 
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exercise intensity and RPP. The ischemic threshold was greater during cycle ergometry 

when compared to the standard Bruce protocol and ramp Bruce protocol (p<0.001), 

suggesting that a peripheral limitation, rather than central limitation (i.e., ischemic 

threshold), is reached first during cycle ergometry (32). 

In settings other than exercise (eg anaesthesia), RPP has displayed poorer 

correlation to MV̇O2 (34-36). This is thought to be due to the changes in contractility 

and/or volume seen only during exercise. Consequently, in the setting of exercise, RPP 

is habitually utilised as a reliable index of MV̇O2 (37-39). 

 

2.2  Heart Rate 
 

HR has long been recognised as a major component of MV̇O2 (27). It therefore warrants 

a brief overview as a determinant of RPP.  

HR is the number of contractions (beats) the heart makes per minute. A rate of 

between 60-100 beats per minute is considered a normal resting rate, however any 

factors (drugs, change in ion concentrations, illness) capable of influencing the 

sympathetic and parasympathetic nervous system can alter this (40). There are many 

ways to measure HR from simple manual palpation at the wrist to sophisticated ECG 

machines capable of advanced analysis. HR is measured as part of monitoring fitness-

related activities in health, and as a diagnostic/monitoring tool in the clinical setting. 

Research on HR over the years has been undertaken in almost every setting including 

resting values in CVD (41), HRR (42), HR variability (a measure of the time interval 

between beats) (43) or simply peak values (44). Peak values during exercise have been 
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extensively discussed in the literature (44-49), and many different equations for 

APMHR have been proposed (50).  

Perhaps the most widely used equation to predict maximum HR is 220 minus 

age, reported by Fox et al. in 1971 (47). The data was derived by a linear best fit to a 

series of data taken from 10 studies examining the relationship between age and 

exercise maximum HR. It was intended to be a rough formulation based on the apparent 

linear decline of maximum HR with age observed in those studies. However, the 

participants in these studies were all male and under the age of 55 and therefore not 

representative of the entire population. Standard deviations (SD) of 10-12 bpm have 

been demonstrated for APMHR and current guidelines recommend other endpoints for 

ETT termination should be used rather than APMHR (51, 52). Nevertheless, the use of 

APMHR is widespread in many fitness centres and diagnostic testing laboratories 

throughout the world, probably due to its ease of calculation (49, 53). For the screening 

of CAD, APMHR has not been validated as a measure of adequate myocardial stress or 

as a suitable termination point during ETT (44, 54, 55).  

 

2.3 Blood Pressure 
 

Although it has been documented that the early Egyptians carried out simple palpation 

of the pulse, the first measurement of blood pressure (BP) as we know it dates back to 

1733 by an English clergyman Stephen Hales (56). From 1855 onward, various non-

invasive rudimentary machines were created to measure BP. Prior to this the only way 

to measure BP was invasively. It wasn’t until 1905 that the current and widely used 

Korotkoff sounds were identified by the eponymous Russian physician (56). Crudely, 
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the American Heart Association defines the SBP as the pressure the blood is exerting 

against the artery walls when the heart beats; and the diastolic BP as the pressure the 

blood is exerting against the artery walls while the heart is resting between beats (57).   

The traditional method for measuring BP is by auscultation of the brachial artery 

with a stethoscope. There are also many automated and ambulatory machines available 

that achieve the desired result just as effectively (58). The BP response during exercise 

has been well documented with a consensus that the SBP increases proportionally to 

workload with the diastolic BP usually remaining unchanged in non-diseased 

individuals (59, 60). The method by which BP is measured throughout this thesis is 

explained in more detail in the methods section.    

 

2.4 Normative Values of RPP  
 

Normative values have been established for RPP at rest and during exercise with high 

correlation being demonstrated between sub-maximal RPP and percentage of maximum 

HR (r=0.85) in normal healthy individuals (61). During maximum exercise however, 

there is a wide variation in RPP, with ranges from a 10th percentile value of 25,000 to a 

90th percentile value of 40,000 at peak (28, 29, 62). This appears to be reliant on 

multiple parameters such as age, gender, body mass index and habitual physical activity 

level.  
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2.5  Other Investigative Measures of RPP 
 

RPP has been used in non-exercise applications to assess survival rates and 

noninvasively monitor the condition of  patients with various dysfunctions admitted to 

high dependency units (63). Kunig et al. recently demonstrated this using a combination 

of ejection fraction on echocardiogram and RPP data to establish cut-off points based on 

survival rates, thus enabling priority triaging of patients most at risk for CV events.  

In the setting of stroke, the predictive power of RPP for mortality has also been 

extensively demonstrated in various publications (64-66). Recently in the Ohasama 

study, Inoue et al. demonstrated that RPP obtained during home BP measurement was 

more strongly associated with CV, or stroke mortality than with HR alone (66). This 

study reported its findings as preliminary, however the number of subjects was 

substantial (n=2583, 40% male), representative of the general population and included a 

mean follow-up period of 12 years. In another recent study however, Schutte et al. 

looked at the predictive power of RPP for CV events in the general population during 

ambulatory BP monitoring. Contrary to other studies, they found no additional 

predictive value in risk stratification for CV events in their cohort (67). 

RPP has been shown to display a circadian pattern in normotensive subjects 

including those on BP-lowering medications. This is thought to be mediated by 

enhanced parasympathetic tone on the pacemaker cells in the heart thereby reducing 

HR. These reductions in HR coupled with the nocturnal dip in BP seen in normotensive 

individuals reduce the RPP (34, 68-70).   

RPP has been investigated in the setting of diabetes with a recent report 

demonstrating 24-hour RPP as a marker of insulin resistance in hypertensive non-
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diabetics with CAD (71). This group found a modest (r=0.35, p<0.01) correlation that 

increased when combined with BMI (r=0.45, p<0.001).  

RPP in smokers has also been investigated regularly with a consensus that 

smoking increases resting RPP (14.5%) whereas it lowers MRPP (4.5%) (72-74). To the 

contrary Papathanasiou et al. and Symons and Stebbins found that smoking increased 

RPP at sub-maximal loads mainly due to the increase in SBP during exercise (75, 76).   

In cardiac rehabilitation there is extensive literature reporting the use of RPP as 

a diagnostic variable particularly in heart failure patients (77-79). Many of these studies 

simply use RPP as a standard measure in testing the efficacy of medications (80-82). 

There are a few studies in this same setting that have found RPP to be a useful marker 

during leisure activities such as Tia Chi and relaxation therapy (83, 84). In a study by 

Chang et al, regular Tai Chi sessions were found to increase MRPP and RPP reserve 

(the difference between the RPP at rest and maximal exercise) in cardiac rehabilitation 

patients with CAD versus the usual care group (p=0.029, p=0.009) (83). In a more 

recent study, a 6-week relaxation therapy (Shavasana with soothing background music) 

program produced significant reductions at rest of 15.5% in RPP along with other CV 

parameters (p=0.0001) when compared to no therapy (84). Many CV drug studies exist 

using RPP as a measured variable, not just to determine the efficacy of medications in 

the setting of heart failure but also to determine their effectiveness in antihypertensive 

therapy (14, 85-88). 

There are many other studies using RPP in a novel way. In one such study 

Tanaka et al. used RPP combined with amplitudes of Korotkoff’s first heart sound to 

identify the anaerobic threshold during exercise testing. They found high correlation 

between first heart sound, maximal V̇O2 and anaerobic threshold (r=0.86) making 
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calculations of anaerobic threshold and functional capacities possible without the need 

for gas exchange measurements (89). 

 

2.6  RPP as a Prognostic Marker 
 

Probably the most researched area involving RPP is its use as a prognostic marker or 

guide (90-95). In a study population of 1759 men, Sadrzadeh Rafie et al. demonstrated 

the great prognostic power of RPP reserve (90). In this retrospective cohort study, RPP 

reserve was the strongest predictor of poor CV prognosis after 7 years, even after 

adjustment for age, β-blocker use and Duke Treadmill score. Furthermore, in this study 

population, RPP reserve was shown to have greater prognostic power than metabolic 

equivalents (METs) (90), with the latter having been shown to be an extremely 

important independent predictor of all-cause and CV mortality in previous studies (96-

98). As part of the Finnish CV Study, Nieminen and colleagues found RPP recovery 

after bicycle stress testing to be a predictor of CV and all-cause mortality based on 5-

year follow-up. Following adjustment for common variables and coronary risk factors, 

there was a significant reduction in hazard ratio for every decrease in unit of RPP 

(100mmHg x bpm) from peak to recovery values (91).  

The prognostic value of RPP has also been investigated in high risk study 

populations such as survivors of acute myocardial infarction (92). In one study, Villella 

et al. demonstrated that a low RPP (<21,700) achieved during maximal symptom-

limited exercise testing or cycle ergometry was an independent predictor of the 6-month 

mortality rate (92). RPP has also been used as an adjunct measure to help improve the 

prognostic power of established clinical tools such as the Duke Treadmill Score when 
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establishing CV risk (93). Sadrzadeh Rafie et al. showed a significant improvement in 

the prognostic estimates of average annual CVD when RPP reserve was included in the 

Duke Treadmill Score equation (p<0.0001) (93).  

 

2.7 RPP as a Diagnostic Marker 
 

As a diagnostic measure, RPP has been reported less frequently in the literature. In the 

1970’s, several seminal papers using RPP as an outcome variable in patients with CAD 

and angina were published (15-19). These studies yielded mixed results on the utility of 

RPP as a diagnostic measure, probably due to the consistently low number of subjects 

available for analysis. More recently, Fornitano and Godoy (99) conducted a study 

using RPP as a measure to separate true positive from false positive exercise stress test 

(EST). They demonstrated that a RPP > 30,000 in a positive EST by ECG criterion (1 

mm or greater ST segment depression at 80ms post J-point), was nearly twice as likely 

to be a false positive result for obstructive CAD as a RPP yielding < 30,000 with 

positive ECG criteria (99).  

Nagpal et al. demonstrated that MRPP was significantly greater in 

premenopausal women with CAD as compared to postmenopausal women with CAD, 

indicating more compromised coronary perfusion in the latter (100, 101). This is 

thought to be due to falls in estrogen levels. Estrogen is known to exhibit direct effects 

on nitric oxide production in endothelial and smooth muscle cells, thus providing an 

increase in vasodilator-mediated CV protection (102).  

In 2006, Bacon et al. used RPP as a parameter to investigate the underlying 

mechanism of silent ischemia during EST. They found that chest pain and myocardial 
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ischemia were positively associated with the RPP attained at peak exercise (103). In a 

recent meta-analysis, Lalonde et al. revealed a plethora of evidence demonstrating the 

existence of exercise-induced ischemic preconditioning, an occurrence where exercise 

warm-up prolongs the emergence of ischemic changes, and further showed RPP as a 

marker to measure this phenomenon during sequential EST (p<0.001) (104). Even more 

recently, Kalff et al. used RPP to derive global coronary flow reserve during exercise 

myocardial perfusion studies (MPS). They proposed that achieving a RPP >25,000 

alone is an insufficient reason to terminate a test. Using this model, they demonstrated 

effective exclusion of balanced 3 vessel CAD that has traditionally been a major 

limitation of exercise MPS (105). Pinkstaff et al. also showed that attainment of an RPP 

>25,000 may be ineffective at identifying those who achieve a maximal exercise test. In 

this same study the often-used parameter of attaining or exceeding APMHR of 85% was 

also found to be ineffective (106). This is not surprising, as APMHRs demonstrate great 

variation and have been shown to be a poor end-point for diagnoses of CAD (49-55).  

There have been many published articles on mental stress and myocardial 

ischemia using RPP as a measured variable (107-109). In an interesting study by 

Doorey et al, 16 airline pilots with known CAD performed EST, a conventional 

laboratory mental stress test and an aviation mental stress test. MRPP was not 

significantly different between EST and the aviation mental stress test, but higher than 

the conventional mental stress test p<0.0001). This demonstrated that aviation mental 

stress creates similar CV stress as the EST and might be a suitable substitute when 

screening for fitness to fly (107).  
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3.0  

Aims and Objectives 
 

This section details the aims and objectives of the thesis 
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3.1 Research aims and objectives 
 

This thesis has explored the utility of the RPP response during stress testing as an aid 

for the detection of myocardial ischemia and thus CAD. RPP (and its components: HR 

and SBP) during both physical and pharmacological stress have been investigated.  

Research on the use of RPP for diagnostic evaluation is sparse in the literature due to 

few studies, small subject numbers and a greater focus towards its use as a prognostic 

tool. Evaluating the use of RPP as a diagnostic measure may lead to a more accurate 

assessment of cardiac disease during non-invasive cardiac testing and, therefore, lower 

the risk and cost associated with further invasive testing. The following research 

questions will address the current gaps in knowledge surrounding RPP as a diagnostic 

predictor for CAD:  

1) Does the use of hand rail support(s) during exercise treadmill testing (ETT) 

influence the maximum RPP (MRPP) in apparently healthy non-treadmill 

uses? 

In a clinical setting, handrail support is habitual used during ETT; however there is 

much debate over this practise as handrail support increases time to exhaustion, 

essentially inflating the maximal functional capacity (110-115). Nevertheless, it is 

unknown if handrail support translates to an increase in cardiac workload (RPP) and 

therefore stress on the heart. Producing a greater myocardial stress may increase the 

sensitivity for the diagnosis of significant CAD. 

2) During ETT, does a cut-point exist for RPP that is a valid predictor of future 

CV events in patients with reduced functional capacity during screening for 

CAD? Moreover, how does this compare against age-predicted maximum 

heart rate (APMHR)? 
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If RPP during ETT can demonstrate an effective cut-point for the prediction of future 

CV events, more accurate downstream treatment strategies can be employed, 

particularly in patients with reduced functional capacity and otherwise negative ETT. 

This group often receives downstream testing at vast expense and disputed benefit. This 

question also challenges the unverified adage that APMHR is a valid termination 

endpoint during ETT. 

3) Are RPP, APMHR and heart rate reserve (HRR) independent predictors of 

future CV events following a negative dobutamine stress echocardiogram 

(DSE)?  

During DSE, unlike exercise testing, there is no reliable subjective termination endpoint 

such as fatigue to rely on. Consequently, DSE’s are often concluded at a predetermined 

APMHR such as 85%, however the validity of this practice is undefined. The RPP 

response during pharmacological testing, while well acknowledged, has not been 

explored previously as a predictor of CV events. 

4) During exercise stress echocardiograms (ESE), does a cut-point exist for 

RPP that is an effective predictor of future CV events in patients screened 

for CAD; and how does this perform against APMHR? 

This question is not dissimilar to question 2.  It will however provide a more robust 

outcome by examining all tests (i.e. not only patients with reduced functional capacity) 

performed during the period of interest including those in which cardiac ultrasound was 

used as the diagnostic measure.  
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3.2 Significance of the research 
 

CVD accounts for 30% of all deaths worldwide with 80% of these deaths attributable to 

CAD- related myocardial infarction and stroke (116). Those individuals lucky enough 

to survive are often left with life changing morbidity and ultimately suffer a premature 

death (117, 118). The direct economic cost of acute coronary syndrome (hospitalisations 

and death) in Australia alone, is estimated at around 1.8 billion dollars per year (119). 

The largest cost however is the years of life lost and burden of disease due to morbidity 

and mortality totalling a staggering 12.3 billion dollars per year (119). The estimated 

cost of functional testing for CAD performed in the public healthcare system in 

Australia in 2014/2015 was $643 million (120). While this figure does not capture the 

private healthcare sector, it is estimated to be half of that again. This equates to 1 billion 

dollars spent searching for CAD each year. Much of this expense is in downstream 

testing where the initial investigation is found to be inconclusive. The diagnostic 

accuracies of functional testing all differ and are influenced by many factors including 

but not limited to: the pre-test probability of having CAD, disease severity, the patients’ 

ability to perform said test and the individual subjectivity of reporting. Despite 

substantial attention in the literature to improve the diagnostic and prognostic accuracies 

of functional testing, there is still much work needed.  
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4.0  
Methodology 
 

This section will describe the general methodology used in this thesis; it will also define 

the standardisation of the testing procedures employed throughout. 
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4.1  General methods 
 

Stress Testing: All stress tests were performed with a computer-controlled treadmill 

system (Marquette Case; Milwaukee, WI) using the standard Bruce protocol (Table 4.1) 

(121) or dobutamine protocol (Table 4.2) (122). Except for chapter 5, all ETTs were 

performed with handrail support as described on page 28.   

 

Table 4.1: Bruce protocol 

Stage Time (min) Km/Hr Slope (%) 

1 0 2.7 10 

2 3 4.0 12 

3 6 5.5 14 

4 9 6.8 16 

5 12 8.1 18 

6 15 8.9 20 

7 18 9.7 22 

8 21 10.5 24 

9 24 11.3 26 

10 27 12.1 28 
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Table 4.2: Dobutamine protocol at Logan Hospital. 

Three-minute intervals are used as per American Society Echocardiography (ASE) 

guidelines (122). 

Dose Time HR BP Atropine Comments 
Baseline      
5mcg/kg/min      
10mcg/kg/min      
20mcg/kg/min      
30mcg/kg/min      
40mcg/kg/min      
50mcg/kg/min      
Atropine 1      
Atropine 2      
Post procedure      

 

 

4.2 Mode of Stress (Exercise and Pharmacology) 
 

The ETT has been in widespread clinical use for decades, with a primary goal to 

generate myocardial stress in those patients able to walk and run on a treadmill (51, 

121). The Bruce protocol is the most commonly used treadmill protocol when screening 

for myocardial ischemia (28, 121), and involves progressive, staged increases in 

treadmill grade and speed (i.e., increasing exercise intensity) until one or more of many 

end-points is attained (i.e., patient fatigue, symptom limitation, meeting ECG diagnostic 

criteria) (29, 51). During the Bruce protocol normal subjects typically increase HR and 

BP in a step-wise manner by around 10 beats per minute and 10 mmHg per MET (29). 

ECGs, HR, BP and ratings of exertion and/or symptoms are the most common clinical 

measurements acquired during ETT. ETT is commonly used for the investigation of 

various cardiac complaints, functional capacity or prognostic calculation (51). When 
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used as a diagnostic test for the detection of CAD, overall sensitivity and specificity 

values of 68% and 77% from meta-analysis have been published (51). These results 

however tend to be dependent on the patient population being tested and diagnostic 

criteria being applied with wide ranges of sensitivity (23% - 100%) and specificity 

(17% - 100%) reported (51).   Other forms of physical exertion such as cycle ergometry 

and arm ergometry have been used; however the effectiveness of these modes in 

eliciting maximal cardiac work in the general population has been questionable (28, 51, 

123). Therefore, the only mode of exercise used in the clinic testing and experimental 

procedures throughout this thesis was performed on motorised treadmills.  

Those patients that cannot exercise on a treadmill due to musculoskeletal, 

rheumatoid or pulmonary co-morbidities are often stressed pharmacologically. One of 

the most commonly used pharmacological agents is the inotrope dobutamine. 

Dobutamine acts on β1-adrenergic receptors in the heart to increase cardiac contractility 

and HR, and on β2-adrenergic receptors in the periphery to induce vasodilatation (124). 

A mild effect on α1-adrenergic receptors in the periphery causing vasoconstriction is 

also noted (124). The overall effect of dobutamine administration is a transient, dose-

dependent increase in MV̇O2. Dobutamine is infused into the supine patient in 

incremental stages as with exercise, until an end-point is reached. Ultrasound images of 

the heart are taken at various stages, and like ETT, ECG and BP are monitored 

throughout. 

Other pharmacological agents used during non-ETT include the vasodilators 

adenosine and dipyridamole (125). While these vasodilators are considered “stressors”, 

their mechanism of action is different to dobutamine and does not elicit a contractile or 

rate response in the myocardium (126). The vasodilators adenosine and dipyridamole 

were therefore not considered a mode of myocardial stress throughout this thesis. 
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4.3 Blood Pressure Measurement  
 

Before RPP was investigated as a diagnostic and prognostic measure, we needed to 

quantify and standardise the way RPP will be measured, particularly the BP component. 

There is conjecture in the literature over how exercise BP should be measured 

(58, 127-131). In 1981, Glasser and Ramsey found excellent correlation (0.964 for SBP 

and 0.848 for diastolic BP) between an automated BP measuring system and manually 

determined measurements (58); however, Lightfoot et al. found that automated BP 

machines over-estimated SBP during exercise when compared to auscultation and direct 

arterial measurements (127). In a Danish study looking at the value of automatic BP 

measurements, exercise intensity was shown to influence the effectiveness of an 

automated system. At maximal stress levels the automated system was unable to 

measure BP accurately when compared to manual auscultation (128). This was 

confirmed recently by Furtado et al. who demonstrated moderate or constant intensity 

rather than maximal exercise provided similar and reproducible measurements 

compared with manual readings (129).   

Anecdotally, we have noticed similar findings to Furtado et al. in that automated 

systems appear to be less reliable at higher intensities and when greater movement (fast 

walking and running) occurs on the treadmill. It is our opinion that a well-trained 

operator can take manual BP measurements during treadmill exercise with greater 

reliability than an automated system. It is this reason that our facility only uses 

automated systems during pharmacological stress testing or when there is no movement 

involved by the patient. Therefore, during this thesis all studies requiring the 

measurement of treadmill exercise BP for the determination of RPP have been 
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performed manually, via brachial artery auscultation, by an experienced operator 

(cardiac scientist or medical officer) (132). 

 

4.4 Heart Rate Measurement  
 

HR has been determined from R-R intervals obtained from lead II and V5 of a standard 

12-lead ECG (Marquette Case; Milwaukee, WI) and randomly checked for accuracy by 

manual calculation. 

 

4.5 Ethical Considerations 
 

Ethical clearance was granted for all experimental studies performed throughout this 

thesis from both the Metro South Human Research Ethics Committee and the Griffith 

University Human Research Ethics Committee. This is noted in the appropriate location 

in all chapters.  

 

 

 

 

 

 

 



23 
 

5.0   

Handrail Support Produces a 

Higher Rate Pressure Product in 

Apparently Healthy Non-Treadmill 

Users during Maximal Exercise 

Testing. 
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5.2 Abstract 

 

ETT is a well-established procedure for the diagnosis, prognosis and functional 

assessment of patients with suspected CVD. The use of handrail support during ETT is 

often discouraged as this has been demonstrated to overestimate functional capacity. It 

is unknown if this increase in functional capacity translates to an increase in cardiac 

workload. The aim of this study was to investigate if the use of handrail support during 

maximal ETT produces an increase in cardiac workload when compared to no handrail 

support. 

Fifty-two consenting volunteers performed two maximal ETTs, one with 

handrail support and the other without, approximately one week apart. Participants were 

identified as either experienced treadmill users (treadmill use ≥ once per fortnight) 

(n=24) or inexperienced users (n=28). Cardiac workload was quantified using RPP. 

The average age of participants was 38.4 ± 11.4 years (44% male). Overall 

exercise duration was significantly prolonged by 44.4% with handrail support (with 

support 15:01 ± 2:54 min; without support 10:24 ± 2:09 min). Overall HR, SBP and 

MRPP were not significantly different between conditions. For the 28 inexperienced 

treadmill users MRPP was significantly higher during handrail support (7.5% increase) 

(with support 34417 ± 4906; without support 31821 ± 4565). 

Handrail support overestimates functional capacity, however produces greater 

MRPP in inexperienced treadmill users. If accurate aerobic data is required during ETT, 

or subjects performing ETT are experienced treadmill users, handrail support should be 

discouraged. Non-treadmill uses or subjects fearful of falling may benefit from handrail 

support, particularly when maximal cardiac workload is desired. 
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5.3 Introduction 
 

ETT is a well-established procedure for the diagnosis, prognosis and functional 

assessment of patients with suspected CVD. The test is performed on a motorised 

treadmill with predefined speed and grade settings that are dependent on the protocol 

used (29, 51, 133). It is recommended that the treadmill be equipped with handrails for 

patient safety; however, the constant use of these handrails for support during ETT has 

been discouraged (123). This is predominantly due to evidence demonstrating that 

handrail support reduces V̇O2 at given submaximal workloads, increasing time to 

exhaustion and essentially inflating one’s maximal functional capacity (110-115). A 

recent study by Berling et al. demonstrated handrail holding and, to a lesser degree, 

resting hands on the handrail, blunted the HR and V̇O2 response during steady-state 

exercise (115). This is consistent with previous work by Manfres et al. who 

demonstrated that handrail support with as little as two fingers significantly increased 

treadmill time to fatigue (110). Despite this, no one has investigated if increased 

treadmill time with handrail support translates to greater MV̇O2 and, therefore, stress on 

the heart. When ETT is performed for the investigation of myocardial ischemia, 

producing a greater myocardial stress may increase the sensitivity for the diagnosis of 

significant CAD. Therefore, the aim of this study was to investigate if the use of 

handrail support during maximal ETT produces an increase in cardiac stress when 

compared to no handrail support. 
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5.4 Methods 
 

Volunteers were recruited through advertising within Logan Hospital in South East 

Queensland, Australia. Participants were deemed low/intermediate risk by a health 

screening and risk-stratification questionnaire (134) and consent was obtained. A target 

group of 52 participants was sought following power analysis (two-tailed analysis at 

80% power, 0.05 alpha level). Approval was granted to conduct this study by the Metro 

South Health Service District Human Research Ethics Committee 

(HREC/13/QPAH/287) and the Griffith University Human Research Ethics Committee 

(2018/942), conforming to the declaration of Helsinki.  

The participants were required to perform two maximal ETTs, one with handrail 

support and the other without (randomly assigned by draw), approximately one week 

apart. Handrail support entailed only the use of the front handrail; by both hands 

without thumb grip, and the elbow joint extended beyond 90 degrees; for the entire 

duration of the ETT (Figure 5.1). Participants were instructed not to perform treadmill 

exercise between the two ETTs to minimize any learning effect. All tests were 

performed at a similar time of day in the same room with like environmental conditions. 

The ETTs were performed by the same investigators on a computer-controlled treadmill 

system (GE CASE) (Marquette Case; Milwaukee, WI) using the standard Bruce 

protocol (121). All BP measurements were taken by the same experienced operator by 

manual auscultation of the brachial artery on the same arm for both conditions. During 

handrail support, the arm being used for measurement was released from the handrail 

while the BP was taken to avoid an exaggerated response. Cardiac stress was quantified 

by RPP, which has been used as a reliable index/surrogate for MV̇O2 (2, 27). HR was 

calculated from the ECG provided by the GE CASE system and RPP was noted at each 
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exercise stage with MRPP identified. Manual checks of HR were performed post-test 

for accuracy. 

 

Figure 5.1: Handrail support demonstration. 

 

5.5 Analysis 
 

Quantitative data were summarised as mean ± SD. For further sub-analysis, participants 

were grouped into those who took part in regular treadmill exercise (≥ once per 
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fortnight) (experienced users) and those that had limited or no regular treadmill use 

(inexperienced users). Data was analysed using a two-way repeated measure analysis of 

variance (ANOVA). Categorical data were compared using Fisher’s exact test. Data 

analysis was performed using XLSTAT 2017.6 (Addinsoft, New York) with a 2-tailed p 

value <0.05 considered statistically significant. 

 

5.6 Results 
 

Fifty-four participants (mean age: 38.4 ± 11.4 yr.; 44% men) were recruited. One 

participant had significant ECG changes indicating myocardial ischemia during exercise 

which on further testing was found to be negative. Another participant performed the 

first test but failed to return and could not be contacted. These individuals were 

excluded from the study, leaving 52 participants with complete data. Table 5.1 displays 

the demographics and test characteristics. 

There was no significant difference between experienced and inexperienced 

treadmill users with respect to age, gender, BMI, time between tests or the order in 

which the test was performed (handrail vs no handrail) (Table 5.1). Results of the test 

data are shown in Table 5.2.  
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Table 5.1: Participant demographics and sample characteristics.                       

Values show number of cases (n) and percentage (%) or average of the group ± 

SD.  

  
Total 

Experienced   
treadmill 

users 

Inexperienced 
treadmill 

users 
p Value 

Total (n) 52 24 28   

Age (years) 38.4 ± 11.4 35.7 ± 11.9 40.7 ± 10.6 0.28 

Male (n) 23 (44.2) 10 (41.7) 13 (46.4) 0.31 

BMI (kg/m²) 24.5 ± 1.9 24.4 ± 1.9 24.6 ± 1.8 0.68 

Time between tests (days) 7.7 ± 2.5 7.7 ± 2.0 7.8 ± 2.8 0.88 

With rails first (n) 25 (48.0) 11 (45.8) 14 (50.0) >0.99 
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Table 5.2: ETT results for handrail and no handrail support.                                    

a. All subjects b. Inexperienced treadmill uses c. Experienced treadmill uses. 

a. 

  
Handrail 
Support 

No Handrail 
Support p Value 

Rest HR (bpm) 83 ± 14 84 ± 14 0.5 
Rest SBP (mmHg) 122 ± 14 122 ± 14 0.99 
Max HR (bpm) 186 ± 12 183 ± 12 0.11 
Max SBP (mmHg) 183 ± 25 178 ± 25 0.25 
MRPP 34080 ± 4952 32377 ± 4952 0.08 
Time (min:sec) 15:01 ± 2:54 10:24 ± 2:09 <0.05 

 

b. 

  
Handrail 
Support 

No Handrail 
Support p Value 

Rest HR (bpm) 83 ± 14 83 ± 16 0.99 
Rest SBP (mmHg) 124 ± 14 124 ± 15 0.89 
Max HR (bpm) 185 ± 11 181 ± 11 0.10 
Max SBP (mmHg) 186 ± 26 177 ± 26 0.19 
MRPP 34417 ± 4906 31821 ± 4565 <0.05 
Time (min:sec) 14:13 ± 2:45 9:46 ± 2:05 <0.05 

 

c. 

  
Handrail 
Support 

No Handrail 
Support p Value 

Rest HR (bpm) 83 ± 13 87 ± 12 0.29 
Rest SBP (mmHg) 121 ± 13 120 ± 13 0.86 
Max HR (bpm) 187 ± 12 185 ± 13 0.54 
Max SBP (mmHg) 180 ± 23 179 ± 24 0.83 
MRPP 33687 ± 5082 33026 ± 5293 0.66 
Time (min:sec) 15:57 ± 2:50 11:10 ± 2:01 <0.05 

 

There were no significant differences between the two testing conditions for 

resting HR and SBP. Exercise duration was significantly prolonged, on average by 4:37 

± 1:34 min:s, (44.4% increase) when performed with handrail support compared with no 

handrail support (p<0.05). Overall both HR and SBP trended to higher values with 
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handrail holding and although the differences were not independently significant, they 

combined to increase MRPP by 5.3%, a difference approaching conventional statistical 

significance (p= 0.08).  

There were 28 participants identified as inexperienced treadmill users. The use 

of handrail support in this group did not attain statistical significance for peak HR (5 

bpm ± 4 bpm difference, p=0.10) and SBP (9 mmHg ± 6 mmHg difference, p=0.19). 

The MRPP however was significantly higher (7.5 % change, p<0.05) with all 

participants in this group producing a greater MRPP during handrail holding (Figure 

5.2b).  In contrast, peak HR, SBP and MRPP were not significantly different between 

handrail and no handrail exercise tests in the experienced treadmill users (Table 5.2c).  

In this group, 5 of the 24 participants achieved a greater MRPP without handrail support 

(Figure 5.2a).  
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Figure 5.2: Difference in MRPP for both conditions and level of experience. 

The dotted lines indicate an increase in MRPP, solid lines no change and dashed 

lines a decrease when comparing no handrail support to handrail support. 

 

Like the overall group averages, exercise duration was significantly prolonged in 

both inexperienced (4:28 ± 1:21 min:s; 45.6% increase; p<0.05) and experienced 

treadmill users  (4:47 ± 1:49 min:s; 42.8% increase; p<0.05) with handrail support 
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(Table 5.2). Figure 5.3 displays the MRPP by each stage of the Bruce protocol for both 

groups. 

  

 

Figure 5.3: RPP by stage for handrail support and no handrail support. 

 

5.7 Discussion 
 

Consistent with previous work (110-115), this study demonstrated a significant increase 

in exercise duration and, consequently peak METs, when handrail support is employed 

during ETT. This increase in exercise duration during handrail support has been 

demonstrated to overestimate peak V̇O2 by up to 30%, depending on the amount of 

force applied to the rail (112). While we did not evaluate V̇O2, the increases in exercise 
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duration in the current study translated to a noticeable increase in MV̇O2 (MRPP) in 

inexperienced treadmill users, not previously reported. A greater RPP attained during 

ETT may be beneficial when testing patients for myocardial ischemia, as significant 

CAD is less likely to be masked at higher cardiac stress therefore increasing sensitivity 

(105, 106). 

Inflated treadmill duration has been consistently reported in the literature while 

engaging in handrail support during ETT. Consequently, the use of handrail support is 

discouraged, particularly when an assessment for functional capacity, i.e. V̇O2, is being 

made (29, 110-115, 123). The reported overestimation of V̇O2 measurements occur 

during submaximal exercise, with peak V̇O2 values demonstrating no significant 

difference when handrail support is employed, despite prolonged exercise durations 

(110, 111). Overall, the current study demonstrated the same effect with RPP, that is, 

significant differences (p<0.01) at submaximal exercise and no significant difference at 

comparative maximal exercise (p=0.22) (Figure 5.3). The increased exercise duration 

noted in the handrail support group did nonetheless increase the absolute MRPP (Figure 

5.3). To this effect it would appear futile to use handrail support under any 

circumstances when an accurate measure of V̇O2 is desired. However, when an ETT is 

performed on individuals unfamiliar with treadmill walking, exercise may be stopped 

prematurely due to apprehension (gait stability or increased falls risk) as treadmill speed 

and/or grade increases (135). Therefore, the use of handrail support in these subjects 

may provide a degree of reassurance that positively influences their treadmill walking 

ability, increasing exercise time and eliciting a greater myocardial stress than would 

have otherwise been achieved. Ellestad reported that in the weak, fearful or poorly 

conditioned patient, it was better to allow handrail support for assistance rather than 

having early cessation of the test (135).  Interestingly, in the current study all the 
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inexperienced treadmill users demonstrated an increase in RPP with handrail support 

while only 16 of the 24 experienced treadmill users had increases (Figure 5.2a). We 

believe a clinically based cohort with an older population and larger falls risk, unlike the 

population in the current study (low/intermediate risk volunteers mean age 38.4 years), 

may see an even greater difference in MRPP from handrail support.  

A recent study by IJmker et al. revealed value in the use of handrail support in 

stroke survivors, citing that handrail support allowed improved timing consistency 

during stepping and an overall more economic gait during rehabilitation (136). While 

caution needs to be employed when comparisons are made between stroke survivors 

and the elderly, frail or weak, we believe handrail support may provide individuals 

undertaking ETT with the reassurance required to perform the treadmill task to a 

suitable end-point, whether that be for rehabilitation or the investigation of myocardial 

ischemia.  Beyond treadmill experience, our data was unable to explain the difference in 

MRPP between inexperienced and experienced treadmill users (Table 5.1). 

Consequently, we believe this difference would diminish over time with familiarity or 

training on a treadmill. To this end we concur with Ellestad (135) and the use of 

handrail support during ETT as a provider of reassurance in subjects/patients fearful of 

falling or when the aim of the ETT is to elicit maximal cardiac stress.   

There are some limitations to this study.  Subjects were healthy low/intermediate 

risk volunteers and do not directly reflect a typical clinical population that we would 

perform ETT for the investigation of myocardial ischemia. We used the Bruce protocol 

exclusively throughout this study as it is the most widely used clinical protocol (137). 

The significant gradients associated with this protocol however may have impacted the 

need for handrail support and it would be intriguing to see if the outcomes found in this 

study would be the same with less incline aggressive protocols. While the authors 



37 
 

postulate that the results shown in the current study may be amplified in a clinical 

population, further investigation to test this would be beneficial.  

 

5.8 Conclusion 
 

The current study demonstrated that handrail support prolonged exercise time and 

elicited a greater MRPP between inexperienced treadmill users and experienced 

treadmill users when compared to no handrail support during ETT. It would therefore 

seem reasonable that if accurate aerobic information is required during ETT then 

handrail support should be discouraged. If the goal of the test is to produce maximal 

cardiac stress, there is a case for the use of handrails during ETT regardless of treadmill 

experience, as only 5 participants in the current study demonstrated a decrease in MRPP 

with handrail support. In any event, non-treadmill users or subjects/patients fearful of 

falling from the treadmill may benefit from handrail support particularly when the goal 

is to elicit maximal cardiac stress.       
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6.2 Abstract 
 

ESTs in patients with poor functional capacity measured by time on treadmill are 

typically deemed inconclusive and usually lead to further downstream testing. The aim 

of this study was to firstly evaluate the MRPP during initial EST to inform on the need 

for follow–up testing; and secondly to investigate if MRPP is better than APMHR for 

diagnostic outcome based on follow up CV events in patients with inconclusive EST 

due to poor functional capacity.  

From a total of 2761 tests performed, 236 tests considered inconclusive due to 

poor functional capacity were available for analysis. From receiver operating 

characteristic (ROC) analysis, a cut-off value for MRPP of 25000 was chosen using CV 

events as the outcome measure (sensitivity 97%, specificity 45%). Cases were then 

categorised into those with an MRPP > 25000 and < 25000.  

Regardless of treadmill time, any patient attaining an MRPP >25000 had no 

abnormal downstream testing or CV events at 2 years follow-up. On ROC analysis, 

MRPP out performed APMHR for sensitivity and specificity (area under curve 0.76 vs 

0.59 respectively).   

The results suggest that regardless of functional capacity, individuals whose 

EST is terminated at maximal fatigue, with no ECG evidence or symptoms of 

myocardial ischemia and yields an MRPP > 25000, do not require further downstream 

testing. Furthermore, this group of patients, while not immune to future CV events, have 

significantly better outcomes than those not attaining a MRPP > 25000. 
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6.3 Introduction 
 

EST in patients with poor functional capacity measured solely by time on treadmill is 

typically deemed inconclusive and usually leads to further investigation such as ESE, 

DSE, MPS, computed tomography coronary angiography (CTCA) or conventional 

coronary angiogram (CA). There is inherent risk involved to the patient with some of 

these tests along with the expense of performing such procedures. A more direct 

assessment of cardiac workload achieved during EST would enable better 

discrimination between tests where cardiac stress was inadequate and those with 

adequate cardiac stress but poor functional capacity. A well validated index of cardiac 

stress, RPP, although easily available, is not routinely used in clinical practice to 

evaluate this important aspect of the test. Normal values for RPP have been proposed 

for clinical and non-clinical populations at rest and at maximal exercise (28, 61, 106). 

During EST, RPP has been extensively investigated as a prognostic variable (90, 

92, 93, 99). In a retrospective cohort study of 1759 men, RPP reserve was the strongest 

predictor of 7-year CV status, even after adjustment for age, β-blocker use and Duke 

Treadmill Score (90). In the same study, RPP reserve was shown to have greater 

prognostic power than maximum METs, itself a key independent predictor of all-cause 

and CV mortality (96, 98). In addition, RPP has been shown to increase the predictive 

value of EST when screening for CAD (93, 99).  However, no previous study has used 

RPP as a marker of significant cardiac stress in patients with reduced functional 

capacity and otherwise negative EST results. The aim of this study was to firstly 

retrospectively evaluate the MRPP during EST to determine the necessity of 

downstream testing in patients with reduced functional capacity (>15% below age and 

gender predicted functional capacity) with an otherwise negative test for myocardial 
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ischemia; and secondly assess if MRPP outperforms APMHR for diagnostic outcome 

based on CV events occurring during the follow-up period. 

 

6.4 Methods 
 

The study sample was drawn from the Logan Hospital, a medium-sized public hospital 

in southeast Queensland, Australia, and was approved by the Metro South Health 

Service District Human Research Ethics Committee (HREC/10/QPAH/264) and the 

Griffith University Human Research Ethics Committee (2018/943), conforming to the 

declaration of Helsinki. Retrospective data were retrieved from all ESTs performed 

within a 5-year window (July 2007 to June 2012). Presentation with chest pain 

suspected to be caused by CAD was the main reason for performing the EST. All ESTs 

were administered by the same core group of staff on a computer-controlled treadmill 

system (Marquette Case; Milwaukee, WI) using the standard Bruce protocol (121). 

Manual BP measurements were taken by an experienced operator at least once every 

stage, at peak exercise, and a minimum of twice during recovery. RPP was calculated 

by multiplying HR by SBP at each stage and MRPP was identified. Maximum HR and 

maximum SBP achieved during the test were also recorded. Patients received a 

thorough evaluation to assess suitability and rule out clinical evidence of heart failure 

prior to testing. 

 The total number of tests performed during the collection period was 2761. Any 

stress test deemed negative (n=2019), positive or equivocal (n=401) (based on ECG 

changes or symptoms of myocardial ischemia), or indeterminate (n=69) (due to non-

cardiorespiratory limitation) was excluded from the study, leaving a total of 272 
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inconclusive tests. From the 272 tests a further 36 with known CAD were removed from 

analysis as different clinical management strategies would be indicated compared to 

those without known CAD (Figure 6.1). The remaining 236 tests were selected for 

analysis based on a functional capacity < 85% of age and gender predicted totals 

performed during the initial EST. This chosen cut-off value for functional capacity was 

selected to standardise “poor functional capacity” among our cohort and has been 

previously demonstrated to infer a twofold absolute risk in CV mortality (98, 138, 139). 

The decision to perform further testing in this group was determined by the treating 

physician based on a patient’s intermediate or moderate pre-test risk for CAD 

(minimum of 10% risk in 5 years as per Australian Vascular Disease Prevention 

Alliance) (116) and the poor functional capacity. Tests were typically performed within 

4 weeks from the initial test. Mean follow-up was 5 years (SD 2.4 years) (range 2 – 9 

years) by reference to medical records or contact with the patients’ general practitioner. 

Complete follow-up was possible in all patients up to 2 years and potential cost savings 

of further downstream testing generated during this period was established. 
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Figure 6.1: Study sampling frame 

 

 A ROC curve (Figure 6.2) was created to establish the MRPP cut-point using 

CV events at mean follow-up (5 years) as the outcome. The cut-point chosen was the 

longest vertical deviation from the diagonal line and corresponded to a MRPP of 25000 

(sensitivity 97%, specificity 45%, area under curve (AUC) 0.76). Two groups were then 

established for analysis: inconclusive EST with MRPP >25000 (MRPP>25), and 

inconclusive EST with MRPP <25000 (MRPP<25). ROC analysis was also performed 

for APMHR (AUC 0.59) based on the equation 220 minus age, to compare the 

sensitivity and specificity of this commonly used measure of sufficient cardiac stress 

against MRPP. 

 

 
Total EST’s available for analysis 

N= 2761 (56.6% male) 
Age= 51 ± 11.3 years 

 
 
 
 

    Excluded           Included 
 
 
 
 
Positive, Equivocal  Negative EST          Inconclusive EST based on 
or Indeterminate  N= 2019 (56.9% male)  (<85% age-predicted functional capacity) 
N= 470 (68.6% male) Age= 49 ± 10.6 years  N= 272 (49.2% male) 
Age= 57 ± 10 years           Age= 53.6 ± 12.6 years 
 
                         
      Excluded 
      
     Previous Coronary Artery Disease      >25000 RPP                       <25000 RPP 
                   N= 36 (63.9% male)                N= 99 (54% male)           N= 137 (43% male) 
                   Age= 63.7 ± 9.3 years         Age= 50.1 ± 10.6 years       Age= 54.9 ± 11.6 years 
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Figure 6.2: ROC curve for MRPP and APMHR. 

1. The point corresponding to ≥85% APMHR. 2. The longest vertical duration for 

MRPP. 3. The longest vertical duration for APMHR. 

 

6.5 Analysis 
 

Quantitative data were summarised as mean ± SD and t tests for independent samples 

were used to compare variables between the two groups. Kaplan-Meier curves were 

created to evaluate all-cause mortality, CV mortality (myocardial infarction, heart 

failure or undifferentiated sudden cardiac death) and CV events (CV mortality, non-fatal 
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myocardial infarction, percutaneous coronary intervention (PCI), balloon angioplasty or 

coronary artery bypass grafting), and the log rank test was used to assess statistical 

significance. Cox proportional hazard models were used to establish variables 

significant   for all-cause mortality, CV mortality and CV events.   Categorical data 

were compared using Fisher’s exact test. Data analysis was performed using XLSTAT 

2017.6 (Addinsoft, New York) with a 2-tailed p value <0.05 considered statistically 

significant. 

 

6.6 Results  
 

Table 6.1 presents the physical characteristics of the patients together with their EST 

measures. There was no significant difference in sex distribution between the two 

groups (p=0.107), however the MRPP>25 group were younger (p<0.001).   Resting 

measures of HR and SBP were significantly lower in the MRPP<25 group (p<0.001 and 

p=0.002 respectively). There were significant differences in maximum HR, maximum 

SBP, RPP reserve, APMHR, (p<0.001) treadmill time (p=0.009) and METs (p=0.003) 

between the groups (Table 6.1).  
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Table 6.1: Patient characteristics and EST measures. 

Values show number of cases (n), mean ± SD or percentage (%) of the group.         

* significant p<0.05. 

  MRPP >25 MRPP <25 p Value 

Total (n) 99 137   

Age (years) 50.1 ± 10.6 *  54.9 ± 11.6  <0.001 

Male (n (%)) 53 (54) 59 (43) 0.1 

CVD risk factors (n) 2.3 ± 1.4 2.0 ± 1.3 0.1 

Resting HR (bpm) 77 ± 15 * 71 ± 13 <0.001 

Resting SBP (mmHg) 130 ± 15 * 123 ± 17 0.002 

Treadmill time (mins:sec) 5:32 ± 2:28* 4:42 ± 2:28 0.009 

METs 7.2 ± 2.4* 6.5 ± 2.4  0.003 

Maximum SBP (mmHg) 188 ± 21 * 155 ± 19 <0.001 

Maximum HR (bpm) 162 ± 19 * 130 ± 20 <0.001 

RPP reserve 20177 ± 4243 * 11351 ± 3251 <0.001 

APMHR (%) 95.3 ± 9.4 * 78.7 ± 11.4 <0.001 

APMHR<85% (n (%)) 12 (12.1) * 96 (70.1) <0.001 
 

Table 6.2 displays the patient’s CV risk and medication use at the time of 

testing. There were more patients with obesity in the MRPP>25 group compared to the 

MRPP<25 group (p=0.04). There was no significant difference between the groups with 

respect to any other measures (Table 6.2). 
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Table 6.2: CV risk and medications at time of testing. 

Values show number of cases (n), mean ± SD or percentage (%) of the group. 

ARB, Angiotensin receptor blocker. * significant p<0.05. 

  MRPP >25 MRPP <25 p Value 

Total (n) 99 137   

No Risk Factors (n (%)) 8 (8.0) 17 (12.4) 0.4 

Family History (n (%)) 33 (33.3)  26 (19.0) 0.06 

Diabetes Mellitus (n (%)) 30 (30.3) 24 (17.5) 0.09 

Smoking (n (%)) 32 (32.3) 59 (43.1) 0.3 

Hypertension (n (%)) 41 (41.4) 63 (46.0) 0.7 

Dyslipidaemia (n (%)) 39 (39.4) 58 (42.3) 0.8 

Obesity (n (%)) 45 (45.5) * 36 (26.3) 0.04 

No Medications (n (%)) 51 (51.5) 60 (43.8) 0.5 

β Blockers (n (%)) 12 (12.1) 25 (18.2) 0.3 

Ca2+ Blockers (n (%)) 7 (7.0) 18 (13.1) 0.2 

ACE Inhibitors (n (%)) 14 (14.1) 26 (19.0) 0.5 

ARB’s (n (%)) 13 (13.1) 13 (9.5) 0.5 

Nitrates (n (%)) 1 (1.0) 7 (5.1) 0.1 

Statins (n (%)) 26 (26.3) 50 (36.5) 0.3 
 

Cox proportional hazard analysis failed to demonstrate any significant variable 

with respect to all-cause mortality or CV mortality.  Age was the only significant 

predictor for CV events (chi square 5.4, p=0.02, hazard ratio 1.07, 95% CI 1.011-

1.132).   For APMHR, the longest vertical deviation from the diagonal on ROC analysis 

(Figure 6.2) corresponded to 95% (sensitivity 95%, specificity 25%). At 85% APMHR 

the sensitivity and specificity were 60% and 53% respectively. While a statistical trend 

was noted between assessments of the ROC curves for MRPP and APMHR, overall this 

failed to reach significance (z=1.8, p=0.072) (Figure 6.2). 
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 All-cause mortality between the 2 groups is shown in figure 6.3, with a survival 

trend towards the MRPP>25 group (p=0.08). Both CV mortality and events are 

displayed in figure 6.4. During the 9 years follow-up, 6 patients in the MRPP<25 group 

passed away due to CV cause (5 heart failure, 1 VF arrest), with no fatalities in the 

MRPP>25 group; reaching statistical significance at 6 years (p<0.05) (Figure 6.4a). The 

difference in incidence of CV events (MRPP>25 = 3 PCI; MRPP<25 = 3 balloon 

angioplasty, 5 PCI, 4 non-ST segment myocardial infarction, 2 ST segment myocardial 

infarction) between the groups reached statistical significance (p<0.05) from 2 years 

follow up, with the MRPP>25 group displaying the superior outcomes (Figure 6.4b). 

 

 

 

Figure 6.3: Kaplan Meier Curve for all-cause mortality. 
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a. 

 

b.

 

Figure 6.4: Kaplan Meier Curves for RPP groups. 

a. CV mortality b. Cumulative CV events. 
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 Table 6.3 displays the number, type and result of downstream testing in both 

groups performed during the initial 2-year follow-up period. A total of 81 downstream 

tests were generated in the MRPP>25 group and 143 in the MRPP<25 group. These 

totals include subsequent testing by CA which was performed on all occasions when the 

initial downstream test was positive.  None of the 17 patients receiving a CA in the 

MRPP>25 group had a positive result, conversely there were 11 positive tests 

discovered from the 35 CAs performed in the MRPP<25 group (Table 6.3). Table 6.4 

shows the breakdown and costing of further testing in the MRPP>25 group. 

 

Table 6.3: Results of further testing for MRPP groups. 

All values show number of cases. (+) indicates positive, (0) indicates negative. 

DNA, did not attend follow-up appointment. 

  MRPP>25 MRPP<25 

Further Testing Total  Outcome Angiogram Total  Outcome Angiogram 

EST 0    1 (0)   

Echocardiogram 1 (0)   2 (0)   

DSE 10 
(0)  

23 
5 (+) 4 (+) 

1 re-presented 1 (0) 3 re-presented 3 (0) 

ESE 7 (0)   2 (0)   

MPS 
36 

8 (+) 8 (0) 
71 

12 (+)       2 (+) 

10 re-presented 2 (+) 

CTCA 10 (0)  1 (0)  

CA 5 (0)   11 3 (+)   

DNA 30 3 re-presented 3 (0) 26 2 re-presented 2 (0) 
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Table 6.4: Costing from additional testing. 

* CA and CTCA values are based on the average cost of tests performed. 

*MBS Online Medicare Benefits Schedule, Australian Government, Department of 

Health, viewed 27 July 2016, 

http://www.health.gov.au/internet/mbsonline/publishing.nsf/Content/a-z. 

Test 
Total 
No. 

Cost 
($Aus) 

Total Cost 
($Aus) 

Echocardiogram 1 230.65 230.65 

DSE 10 413.80 4130.80 

ESE 7 413.80 2896.60 

MPS 36 834.90 30056.40 

CTCA 10 700.00 7000.00 

CA 17 855.50 14543.50 

All Tests 81   58857.95 
 

 

6.7 Discussion 
 

The results of this study suggest that in patients with no known CAD, regardless of 

functional capacity (treadmill exercise duration), any EST that is terminated at 

volitional fatigue, with no ECG evidence or symptoms of myocardial ischemia, and 

yields an MRPP > 25000 provides reassurance that there is no clinically significant 

CAD up to 2 years follow-up, potentially alleviating the need for further downstream 

testing. 

  In the current study MRPP outperformed an APMHR of ≥85% for sensitivity 

(97% vs. 60%) with a nominal difference in specificity (45% vs. 53%) for the 
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occurrence of CV events during the mean follow up (5 years). The sensitivity of 97% 

displayed for MRPP in the current study provides great incremental value to an EST 

performed at reduced functional capacity, as very few of these patients had CV events 

during mean follow up (5 years). The specificity although modest at 45%, reflects the 

negative downstream testing that would otherwise not have been performed in the 

MRPP>25 group. This could therefore be considered extraneous, as clinical advantage 

has already been established due to the high sensitivity and warranty periods on EST are 

not clearly established (140, 141). 

 While the difference between the ROC curves failed to reach significance 

(z=1.8, p=0.072), the AUC for MRPP (0.76) over maximum HR (0.59) clearly 

demonstrates a superior predictive model. Achieving 85% of APMHR has been 

demonstrated to be a poor diagnostic and functional endpoint (55). Traditionally, the 

inability of HR to reach this figure has been a marker of chronotropic incompetence and 

a predictor of adverse CV outcome (142-144). Many of these studies however did not 

report the corresponding SBP with HR and therefore the MRPP achieved (142, 143). A 

study by Elhendy et al. although not discussed in their findings, clearly demonstrated a 

significantly reduced MRPP in the group that failed to reach 85% of APMHR (144). 

Therefore, it may be seen that the SBP response to exercise should be just as important 

as the corresponding HR response. Bouzas-Mosquera et al. demonstrated that a 

substantial increase in SBP alone during exercise testing was associated with a 

significantly lower risk of mortality and CV events (145). Individuals achieving greater 

increases in RPP during exercise have also been shown to have less CV events over 

time, in both those with and without significant CAD (90, 92, 146). The current study 

confirms this finding, where a significant difference in CV-related events was observed 

between the two groups from 2 years follow up (p<0.05) (Figure 6.4b). A similar 
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significant difference between the groups was observed for RPP reserve (p<0.01), and 

although all-cause mortality did not reach statistical significance in the current study, 

previous studies have demonstrated a similar prognostic advantage when a higher RPP 

reserve is achieved (90, 92). Sadrzadeh Rafie et al. (90) showed that RPP reserve 

possessed a greater prognostic power than functional capacity (METs) when comparing 

individuals with similar functional capacities (>5 METs).  Functional capacity (METs) 

has been shown to be an important prognostic measure for future CV events and 

mortality (146-148), and likewise the current findings demonstrated a significant 

difference between the groups for this measure. Allowing that RPP reflects MV̇O2 (2, 

149), it would therefore seem reasonable that the ability to significantly increase RPP in 

the absence of any substantial pathology, be reflective of a normal functioning left 

ventricle.    

 Age was the only variable that was statistically significant (p=0.02) for the 

prediction of CV events. This would normally predict a better prognosis and may have 

also contributed to the older groups (MRPP<25) poorer treadmill time and inability to 

produce a MRPP > 25000. Nevertheless, the average age of both groups was over 50 

years (Table 6.1) (MRPP>25 = 50.1±10.6 and MRPP<25 = 54.9±11.6) and Lloyd-Jones 

et al. (150) demonstrated that having ≥ 2 major CV risk factors at the age of 50 years 

substantially increased lifetime CV risk and mortality. In the current study, there was no 

difference between groups regarding the number of CV risk factors (p=0.1) with both 

groups possessing greater than 2 (Table 6.2). It would therefore be reasonable to accept 

that patients in the current study although exhibiting a difference in age, in general still 

carried a similar increased risk for future CV events.                  

 There were no patients in the current study achieving a MRPP>25000 during 

their EST with a positive downstream test during the initial 2-year follow-up. Thus, 
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there is potential for significant cost savings by avoiding further testing without 

compromising safety. The total number of additional tests performed in patients with a 

MRPP >25000 was 81. Of concern were the additional 8 angiograms that were required 

when the follow-up cardiac stress testing (MPS) yielded false positive results. The 81 

tests would not have been required under the proposed model, and would have provided 

a total cost saving at our facility of approximately AUS $59,000 with identical patient 

outcomes in the mean follow-up period (151) (Table 6.4).  

 While inducible myocardial ischemia typically occurs at a similar RPP for an 

individual (28, 51), a set ischemic threshold is not established between individuals as 

this can occur at varying RPP, depending on the extent of the ischemia, vessels involved 

and compensatory mechanisms present (152, 153). Furthermore, patients that achieve 

certain parameters that are interpreted as eliciting sufficient cardiac stress, such as 

>85% APMHR or >10 METs, are not necessarily immune from significant CAD 

causing myocardial ischemia (140, 154). It is for this reason that we recommend a 

MRPP of 25000 not be used as an arbitrary termination point but rather as reassurance 

once maximal fatigue has been reached and the test is otherwise negative for myocardial 

ischemia. 

 

6.8 Limitations 
 

Our study is a single centre cohort study and, therefore, may be subject to selection bias. 

While the outcome data demonstrates statistical significance for CV events and 

mortality, the AUC for MRPP (0.76) indicates a moderate predictive model and further 

studies with greater numbers would be beneficial to confirm our observations.  
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Although there was no clinical evidence of heart failure prior to EST, echocardiography 

to assess for signs of left ventricular dysfunction prior to testing would have been an 

advantage. Finally, the use of MRPP as an index of adequate cardiac stress should not 

replace the clinical decision to use downstream testing in those individuals deemed to 

have sufficient risk and high suspicion of CAD. 

 

6.9 Conclusion   
 

Our data suggests that in patients with an intermediate pre-test risk and no previous 

CAD, any EST that is terminated at maximal fatigue with patients attaining a MRPP > 

25000 and no ECG evidence or symptoms of myocardial ischemia, do not require 

further downstream testing. Furthermore, this group of patients, while not immune to 

future CV events, have significantly better outcomes than those not attaining a MRPP > 

25000.   
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7.2 Abstract 
 

Dobutamine stress echocardiography is a commonly used diagnostic stress test for the 

assessment of various cardiac pathologies on patients unable to perform exercise. 

Unlike exercise, there is no reliable subjective termination end-point such as fatigue to 

rely on. Consequently, DSE’s are often concluded at a predetermined APMHR such as 

85%. The aim of this study was to assess if APMHR, HRR and the MRPP are valid 

measures of future CV events in otherwise negative DSEs. 

Following exclusions, ROC analyses were performed on 652 patients using CV 

events during the follow-up period (4.2 ± 1.8 years) as the outcome variable.  

ROC analyses failed to produce a statistically valid model for MRPP (p=0.227, 

AUC = 0.55) with a sensitivity and specificity of 21.1% and 91.9% respectively at the 

optimal cut point (14948 MRPP). To the contrary, APMHR produced a sensitivity and 

specificity of 74.7% and 60.9% respectively (p<0.0001, AUC 0.715). HRR however, 

with a sensitivity and specificity of 67.4% and 68.2% (p<0.0001, AUC 0.718) was the 

only predictor of CV events following Cox analysis (p<0.0001).  

The current study demonstrates MRPP as a poor measure of CV event prediction 

during DSE. While an APMHR of 89.3% demonstrated a statistically valid model, HRR 

was the only predictor of CV events in otherwise negative DSEs. 
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7.3 Introduction 
 

DSE is a commonly used diagnostic stress test for the assessment of various cardiac 

pathologies. It is regularly used on patients unable to perform treadmill or bicycle 

exercise due to musculoskeletal, rheumatoid or pulmonary co-morbidities. Dobutamine 

is infused into the supine patient in incremental stages akin to exercise, until an end-

point is reached. Dobutamine acts on β1-adrenergic receptors in the heart to increase 

cardiac contractility and HR, and on β2-adrenergic receptors in the periphery to induce 

vasodilatation. A mild effect on α1-adrenergic receptors in the periphery causing 

vasoconstriction is also noted (124). The overall effect of dobutamine administration is 

a transient, dose-dependent increase in MV̇O2.  

DSEs are normally required to be terminated at a predetermined APMHR as 

unlike exercise, there is no subjective point such as fatigue to rely on. Commonly, an 

APMHR of 85% has been used as a sufficient level of stress during DSE. Failure to 

reach this threshold has been shown to be a marker of chronotropic incompetence 

during exercise testing and a predictor of adverse CV outcome and all-cause mortality 

for both exercise and pharmacological modalities (142-144, 155-157).  Nevertheless, 

the utility of 85% APMHR as a marker of sufficient myocardial stress during DSE has 

not been fully demonstrated (156). HRR has been demonstrated to be a strong predictor 

for CV mortality during ETT (42) as well as pharmacological stress testing, with 

superior event prediction noted when compared to 85% APMHR (158). The MRPP 

while often noted has been under reported during DSE. The aim of this study was to 

compare HRR, APMHR and MRPP during DSE as predictors of future CV events in 

otherwise negative DSEs. 
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7.4 Methods 
 

The study population was drawn from the Logan Hospital, Queensland, Australia, and 

was approved by the Metro South Health Service District Human Research Ethics 

Committee (HREC/14/QPAH/264) and the Griffith University Human Research Ethics 

Committee (2018/941), conforming to the declaration of Helsinki. Retrospective data 

were retrieved from consecutive DSEs performed between 01/01/2010 and 31/12/2013 

in patients unable to perform treadmill exercise. All patients referred for DSE were risk 

stratified by a consultant cardiologist to be at minimum intermediate risk of coronary 

artery disease (10% risk in 5 years) (116). Only tests performed for the investigation of 

inducible myocardial ischemia were included (n=784) i.e. tests performed solely for 

myocardial viability were excluded (n=23). A standard DSE protocol starting at 5 

µg/kg/min increasing at 3-minute intervals to 10, 20, 30, 40 and 50 µg/kg/min was used. 

Atropine was used in doses of 300 µg to a total of 1200 µg if deemed necessary by the 

residing cardiologist. Termination endpoints as defined in the ASE 2007 guidelines 

were used for all tests (122). The full DSE protocol was attempted in all tests providing 

the patient was tolerant of the dobutamine infusion. Those not tolerant and unable to 

complete the protocol satisfactorily (minimum 30 µg/kg/min) (122) were excluded from 

analysis (n=15). No specific APMHR was considered a termination endpoint, however 

failure to reach 85% APMHR despite a complete DSE protocol and maximal atropine 

dose was considered inconclusive (n=19). While this group received alternate testing, 

the data generated from these tests were used to establish sensitivity and specificity for 

MRPP and APMHR. Tests deemed positive for myocardial ischemia by regional wall 

motion abnormality (RWMA), ECG or symptoms were also excluded from the study 

(n=94), as termination may have been premature and downstream management 
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strategies would differ in this group. This left a total of 652 negative tests performed 

with a complete protocol. Even in the presence of resting RWMA, this group had 

overall normal left ventricular function at the time of testing.  

Transthoracic echocardiography images were obtained with an Acuson Sequoia 

512, (Siemens, Munich, DE) or a Philips IE33 (Philips Medical Systems, Andover, MA) 

in the left lateral decubitus position. Image analysis was performed as per ASE 

guidelines (122). The ECG was monitored using the GE Case system (Marquette Case, 

Milwaukee, WI) and automated BP was performed using the Welch Allyn Connex Spot 

Monitor (Welch Allyn, Skaneateles Falls, NY). RPP was calculated by multiplying HR 

by SBP at each stage and MRPP was identified. Maximum HR and maximum SBP 

achieved during the test were also documented. If an arrhythmia was identified as the 

maximum HR it was included in the analysis if the presiding cardiologist considered the 

test still diagnostic. HRR was calculated as a percentage with the formula; (maximum 

HR – resting HR/APMHR – resting HR) x 100 (158). Patients were followed up for a 

mean of 4.2 ± 1.8 years by reference to medical records or contact with the patients’ 

general practitioner using CV events at mean follow-up as the outcome variable. CV 

events during follow up were chosen as patients with otherwise negative tests would not 

normally be subjected to further downstream testing.  

 

7.5 Analysis 
 

Quantitative data were summarised as mean ± SD and the student t test or Fisher’s exact 

test were used where appropriate. Sensitivity and specificity were calculated for HRR, 

APMHR and MRPP using ROC analysis with CV events during mean follow-up as the 
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outcome measure (Figure 7.1). The longest vertical deviation from the diagonal line 

(chance line) was chosen as the optimal cut-point. The continuity-corrected Wald 

interval was used to assess significance for the difference between the AUC and the 

chance line. Following the ROC analysis, no further analysis was performed on MRPP 

due to the poor diagnostic model produced. For APMHR, the following variables were 

used in a multivariate regression analysis to establish factors influencing the ROC curve 

optimal cut-point (gender, age, HR, BP, dobutamine dose, atropine use, β blocker use, 

non-dihydropyridine calcium channel blocker use and isometric hand or leg exercise). 

Kaplan-Meier curves were created to evaluate CV events for those above and below the 

optimal cut-point for APMHR and HRR with the log rank test used to assess statistical 

significance.  

Cox proportional hazard models were used to establish variables significant for 

CV events using DSE, clinical and patient demographic data, with multivariate retention 

set at p<0.05 level of significance.   Data analysis was performed using XLSTAT 

2018.7 (Addinsoft, New York) with a 2-tailed p value <0.05 considered statistically 

significant. 

 

7.6 Results 
 

Figure 7.1 displays the ROC curve for HRR, APMHR and MRPP. The best cut-point 

for HRR corresponded to 78% with a sensitivity and specificity of 67.4% and 68.2% 

respectively (z=6.957, p<0.0001, 95% CI 0.156-0.279, AUC = 0.718). With a range of 

52 – 139% (mean 91.7%) for APMHR, the greatest cut-point corresponded to a HR of 

89.3% with a sensitivity and specificity of 74.7% and 60.9% respectively (z=6.879, 
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p<0.0001, 95% CI 0.154-0.276, AUC = 0.715). The optimal cut-point for MRPP 

corresponded to a RPP of 14948 with a sensitivity and specificity of 21.1% and 91.9% 

respectively (z=1.208, p=0.227, 95% CI -0.029-0.121, AUC = 0.55).  There was no 

statistical significance between the HRR and APMHR models however both were 

significantly different from MRPP (p < 0.0001) (Figure 7.1). 

 

 

Figure 7.1: ROC curve for HRR, APMHR and MRPP.  

The arrows indicate the longest vertical deviation from the chance line. The black 

dot indicates the data point at 85% APMHR. There was no significant difference 

between HRR and APMHR, p<0.001 for the difference between HRR/APMHR 

and MRPP. 
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Table 7.1 displays the physical characteristics and DSE measures for those < and 

≥ 78% HRR. CV risk factors and medication use for the same groups are shown in table 

6.2. The CV event rate during follow-up was 14.6%. CV events were defined as 

positive CA requiring angioplasty or stenting (n=28); non-ST segment myocardial 

infarction (fatal n=1 and non-fatal n=29); ST segment myocardial infarction (fatal n=2 

and non-fatal n=8); stroke (fatal n=9 or non-fatal n=4); or development of significant 

heart failure (fatal n=5 and non-fatal n=9) (minimum stage C) (159). Only maximum 

HR, MRPP and HRR were statistically different between the HRR groups (p<0.05) 

(Table 7.1). The two HRR groups were otherwise statistically similar for CVD risk 

factors and medications at the time of testing (Table 7.2).  
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Table 7.1: Physical characteristics and DSE measures for HRR groups.  

Values show number of cases (n), mean ± SD or percentage (%) of the group. * 

significant between the groups p<0.05; # significant from the total p<0.05; ↆ 

significant from resting values. 

Variable 
Total 

(n = 652) 
HRR <78% 

(n = 210) 
HRR ≥78% 

(n = 442) 
p 

value 

Age (years) 63.3 ± 11.1 64.1 ± 10.7  62.9 ± 11.3  0.1848 

Men 281 (43.1) 93 (44.3) 188 (42.5) 0.8193 

Resting HR (bpm) 72 ± 13 71 ± 13 72 ± 13 0.7763 

Resting SBP (mmHg) 130 ± 20 129 ± 21 130 ± 20 0.4116 

Resting RPP 9333 ± 2378 9223 ± 2346 9386 ± 2394 0.4141 

MHR (bpm) 142 ± 15ↆ 140 ± 16 143 ± 14* 0.0381 

Maximum SBP (mmHg) 161 ± 27ↆ 160 ± 26 162 ± 27 0.5738 

∆ SBP (mmHg) 31 ± 24 32 ± 25 31 ± 24 0.9518 

MRPP 20323 ± 4523ↆ 19768 ± 4413 20586 ± 4556* 0.0308 

APMHR (%) 91 ± 9 90 ± 9  91 ± 9 0.1854 

HRR (%) 83 ± 16 68 ± 10# 90 ± 13*#   <0.001 

Atropine use 337 (51.7) 107 (50.9) 230 (52.0) 0.9427 

Resting RWMA 60 (9.2) 23 (10.9) 37 (8.4) 0.3882 
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Table 7.2: CVD risk factors and medications for HRR groups.  

Values show number of cases (n), mean ± SD or percentage (%) of the group. * 

significant between the groups p<0.05; # significant from the total p<0.05. 

Variable 
Total 

(n = 652) 
HRR <78% 

(n = 210) 
HRR ≥78% 

(n = 442) p value 

No Risk Factors for CVD 23 (3.5) 9 (4.3) 14 (3.2) 0.5011 

Family History of CVD 109 (16.7) 35 (16.7)  74 (16.7)  >0.999 

Diabetes Mellitus  220 (33.7) 70 (33.3) 150 (33.9) 0.9337 

Smoker  134 (20.6) 46 (21.9) 88 (19.9) 0.6857 

Hypertension  420 (64.4) 144 (68.6) 276 (62.4) 0.5061 

Dyslipidaemia  364 (55.8) 120 (57.1) 244 (55.2) 0.8341 

Obesity  275 (42.2) 87 (41.4) 188 (42.5) 0.8779 

Prior coronary artery disease  171 (26.2) 62 (29.5) 109 (24.7)  0.3167 

CVD risk factors  2.6 ± 1.3 2.7 ± 1.3 2.6 ± 1.3 0.2402 

Medications per patient  2.9 ± 1.6 3.0 ± 1.7 2.9 ± 1.8 0.6952 

No Medications  68 (10.4) 17 (8.1) 51 (11.5) 0.2726 

β blockers  243 (37.3) 78 (37.1) 165 (37.3) >0.999 

Ca2+ blockers  171 (26.2) 60 (28.6) 111 (25.1) 0.5219 

 non-dihydropyridine  41 (6.3) 12 (5.7) 29 (6.5) 0.8631 

ACE inhibitors  221 (33.9) 70 (33.3) 151 (34.2) 0.9336 

Angiotensin receptor blockers 174 (26.7) 62 (29.5) 112 (25.3) 0.4143 

Nitrates  101 (15.5) 38 (18.1) 63 (14.3)  0.3061 

Statins 413 (63.3) 131 (62.4) 282 (63.8) 0.8929 

Aspirin  295 (45.2) 90 (42.9) 205 (46.4) 0.6510 

P2y12 Inhibitor  82 (12.6) 25 (11.9) 57 (12.9) 0.8027 

Warfarin  32 (4.9) 13 (6.2) 19 (4.3) 0.3373 
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For APMHR, regression analysis using factors noted in the methods above 

failed to demonstrate any significant variable influencing the ability to reach the optimal 

cut-point of 89.3%.  Cox proportional hazard analysis for CV events is displayed in 

table 7.3. Only male gender and inability to achieve a HRR of 78% demonstrated both 

uni and multivariate statistical significance (p<0.01) (Table 7.3).  Figure 7.2 displays 

the Kaplan-Meier curve for cumulative CV events during follow up for APMHR. Those 

attaining ≤89% had a significantly worse outcome (p<0.05) (Figure 7.2). The Kaplan-

Meier curve for HRR demonstrated a poorer outcome in those unable to achieve a HRR 

78% (Figure 7.3). This was statistically significant from 2 years follow-up (p<0.001) 

(Figure 7.3). There were no tests considered non-diagnostic by the presiding 

cardiologist when an arrhythmia was noted. 
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Table 7.3: Univariate and multivariate predictors of CV events post DSE.  

Variable 
Univariate 
Hazard Ratio 
(95% CI) 

Chi 
Square 

p-Value 
Multivariate 
Hazard Ratio 
(95% CI) 

Chi 
Square 

p-Value 

Men 1.92 (1.19-3.10) 7.2 0.007 1.69 (1.13-2.54) 6.4 0.011 

Age 1.11 (0.87-1.42) 0.8 0.383 - - - 

Resting HR 0.95 (0.84-1.08) 0.6 0.441 - - - 

Resting SBP 1.01 (0.94-1.07) 0.1 0.868 - - - 

Resting RPP 1.00 (0.99-1.01) 0.5 0.489 - - - 

MHR 1.11 (0.83-1.47) 0.5 0.488 - - - 

Maximum SBP 1.00 (0.98-1.02) 0.1 0.723 - - - 

HRR <78% 3.26 (2.05-5.18) 25.1 <0.0001 3.05 (2.01-4.61) 27.9 <0.0001 

<89% APMHR 0.89 (0.47-1.68) 0.1 0.724 - - - 

Smoker 1.36 (0.78-2.36) 1.2 0.271 - - - 

Diabetes 
Mellitus 

1.16 (0.69-1.97) 0.3 0.577 - - - 

Hypertension 0.72 (0.40-1.30) 1.2 0.274 - - - 

Dyslipidaemia 1.33 (0.78-2.27) 1.1 0.293 - - - 

Prior CAD 1.45 (0.75-2.78) 1.2 0.269 - - - 

Family history 
of CVD 0.55 (0.27-1.13) 2.6 0.104 - - - 

Obesity 0.60 (0.35-1.04) 3.3 0.069 - - - 

β-Blocker use 1.11 (0.66-1.85) 0.2 0.689 - - - 

Ca2+ blocker 
use 

1.23 (0.76-2.00) 0.7 0.394 - - - 

ACE inhibitors 0.82 (0.46-1.46) 0.5 0.498 - - - 

ARB use 1.04 (0.57-1.89) 0.1 0.895 - - - 

Nitrate use 1.34 (0.73-2.47) 0.8 0.348 - - - 

Aspirin use 1.50 (0.93-2.44) 2.7 0.100 - - - 

P2y12 inhibitor 
use 

1.39 (0.69-2.78) 0.8 0.357 - - - 

Warfarin use 1.58 (0.62-4.04) 0.9 0.337 - - - 

Statin use 1.28 (0.70-2.32) 0.6 0.425 - - - 

Resting RWMA 0.82 (0.41-1.65) 1.2 0.269 - - - 
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Figure 7.2: Cumulative CV events for APMHR groups. 
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Figure 7.3: Cumulative CV events for HRR groups. 

 

7.7 Discussion 
 

Firstly, the current study demonstrates MRPP to be a poor predictor of future CV events 

following DSE. While a significant increase in RPP was observed between resting and 

peak values (p<0.05), the diagnostic model for MRPP was poor (p=0.227) (Figure 7.1). 

The increase in RPP demonstrated between resting and peak values might be expected 

to be driven predominately by the increase in HR response through dobutamine action 

on β1 adrenergic receptors (124). We found however, that this increase wasn’t 

completely determined by HR alone and a significant concomitant increase in SBP was 
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also noted (p<0.05) (Table 7.1). These findings differ from an earlier study by Abram et 

al. who found that BP increase during DSE was dependent on age, gender and the use of 

atropine (160). In the current study a change in SBP of 32 ± 24 mmHg was noted 

compared to 1 ± 23 mmHg in Abram’s et al. study. When matched for age, gender, 

dobutamine dose and atropine use, the difference can only be explained by the inclusion 

in the current study of patients with a history of hypertension, diabetes, RWMAs and 

CAD, all excluded in Abram’s et al. study (160). To what extent these variables have 

increased the SBP is beyond the scoop of this study but probably contributed to this 

discrepancy. Nevertheless, the increase shown in the current study is comparable to the 

increases noted by Tuttle and Mills (40mmHg) in their seminal paper (124).  

Figure 7.1 also displays the ROC curve for APMHR and demonstrates a 

statistically significant diagnostic model for the assessment of downstream CV events 

(p<0.0001). More importantly the ROC analysis for APMHR significantly 

outperformed MRPP (p<0.001) (Figure 7.1). A predetermined HR such as 85% has long 

been used as a termination point during pharmacologically based tests (125). The basis 

for this specific cut-point during DSE appears to be from studies demonstrating failure 

to achieve 85% APMHR as an independent predictor of CV events and mortality (156, 

157). As a marker of sufficient stress however, this cut-point has not been rigorously 

tested. In the past, the inability to reach 85% APMHR during exercise testing was 

thought to be primarily due to chronotropic incompetence and has been shown to be a 

predictor of adverse CV outcomes and all-cause mortality (142-144, 155). The current 

study demonstrated the same poor CV outcome in those achieving ≤89% APMHR 

compared to those achieving >89% (Figure 7.2), however this was not predictive of 

future CV events (Table 7.3).   
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While failure to achieve an APMHR of 85% predicts a poor CV outcome, an 

APMHR of 85% is not necessarily a suitable termination end-point for either exercise or 

pharmacological testing (158, 161). A study by Bangalore et al. in 2006 demonstrated a 

HRR of 70% during DSE was more superior to 85% APMHR as a marker for CV 

events and mortality (158). They also demonstrated that patients with an abnormal DSE 

result had significantly more diabetes mellitus, previous myocardial infarction, previous 

heart failure, previous angioplasty, lower peak HRs and lower percentage of APMHR 

essentially leading to more hard events during follow-up (158). Their patient cohort was 

clearly more likely to have an abnormal result and this may have contributed to the 

lower APMHR and HRR as an abnormal study is more likely to be terminated early due 

to RWMA before a peak dose of dobutamine is reached (158). This aside, normal DSE 

results in this study still carried nearly 3 times greater risk for CV events when a HRR 

of 70% was not achieved (158). Although the HRR differed in the current study (78%), 

the risk for CV events was similar (Table 7.3). A low HRR during exercise testing has 

been shown to carry a poor CV outcome, while also demonstrating superiority over 

85% APMHR as a measure of chronotropic incompetence (143, 144, 162). While 

chronotropic incompetence has been defined by many as the inability to achieve 85% 

APMHR, there is evidence to suggest this is too simplistic as it doesn’t take into 

account a subject’s physical fitness or medication regime, both variables that influence 

resting HR and therefore the ability to achieve an APMHR. HRR accounts for these 

variables and is therefore more likely to expose autonomic dysfunction over APMHR 

alone (143, 144, 155, 156, 162-164).  

Along with HRR, male gender was the only significant predictor for CV events 

in the current study (p<0.01) (Table 7.3). A lifetime CVD risk in men at the age of 40 

years has been calculated at 2 in 3 compared to 1 in 2 for women of the same age (165). 
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As an independent predictor of CV events in the present study, simply being male 

afforded a worse outcome (p<0.05).  The overall event rate in the present study was 

14.6%, consistent with the intermediate risk stratification initially applied to this group 

by the referring cardiologist (116). The inability to perform treadmill testing alone 

predisposes this group to increased risk of CVD and events regardless of other 

conventional risk factors (166, 167). In the absence of any predictive variable other than 

gender and HRR, this inability to exercise probably contributed to the overall event rate. 

Interestingly, medical therapy or the lack there off, neither demonstrated benefit nor 

predicted CV events in the current study. This is despite evidence suggesting anti-

ischemic medical therapy, in particular β-blockers, may mask true ischemia by 

decreasing myocardial oxygen demand (168, 169). Perhaps with a longer follow-up 

period this would be a different result, as warranty periods on stress testing are not 

clearly defined (140, 141, 170) and plaque growth and/or stability is clearly influenced 

by medical therapy (171, 172).  

 

7.8 Limitations 
 

While we are confident that an APMHR of 85% wasn’t used as the termination point 

during testing, due to the retrospective nature of this study, we cannot be certain that 

some tests may have been terminated early if full dobutamine protocol was reached and 

85% APMHR was attained. We used a clinical outcome (CV events during follow-up) 

instead of a diagnostic test as the gold standard for sensitivity and specificity as these 

patients with otherwise negative tests are not routinely subject to further downstream 

testing. While clinical outcome could be considered a strength, it probably contributed 
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to the lower diagnostic result, with AUCs of 0.715 and 0.718 considered moderate at 

best.  

 

7.9 Conclusion 
 

RPP did not produce any useful predictive model that could be used to determine an 

effective termination end-point following an otherwise negative DSE.  While not a 

predictor of CV events, an APMHR during DSE of 89.3% produced the best sensitivity 

and specificity over the 4.2-year follow-up period (Figure 7.1).  Likewise, a HRR of 

78% produced a similar sensitivity and specificity as APMHR. Unlike APMHR 

however, HRR was also a strong independent and multivariate predictor of CV events. 

HRR may therefore be a superior termination point to APMHR during DSE where 

subjective measures such as fatigue do not apply. Further prospective studies comparing 

APMHR and HRR as markers of sufficient myocardial stress following a negative DSE 

would be useful to examine the current findings.   
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8.2 Abstract 
 

ESEs are a functional CV test typically used for the investigation of CAD. ESEs are 

often terminated at a pre-determined APMHR to facilitate timely acquisition of 

ultrasound images at peak exercise. While an APMHR of 85% is often used, this has not 

been validated as a suitable termination endpoint. RPP as an established measure of 

myocardial work may provide a more reliable assessment of cardiac workload. The aim 

of this study was to assess MRPP and APMHR as markers of cardiac workload during 

ESE, using CV events at mean follow-up as the outcome variable. 

Following exclusions, 712 patients being investigated for ischemic heart disease, 

performed an ESE to volitional fatigue using the standard Bruce protocol. Patient 

demographics and test data were collected, and patients followed for 4.4 ± 2.1 years.   

Cut-points for MRPP (25060) (AUC 0.77) and APMHR (93.8% and 97.9%) 

(AUC 0.71) (p=0.12 for difference) were established from ROC analysis.  Those 

achieving an APMHR >85% but MRPP <25060 had significantly more CV events then 

achieving an MRPP >25060 regardless of APMHR (p<0.05).  

The current study demonstrates the superior prognostic power of RPP over 

APMHR alone for the prediction of future CV events in patients performing an ESE for 

the detection of myocardial ischemia. 
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8.3 Introduction 
 

Generally, the diagnostic accuracy of the ESE is superior to the EST however this often 

depends on the patient population being studied, the image quality and test interpreter 

skill level (51, 173-176). The added advantage of ESE is the acquisition of ultrasound 

images to detect RWMA linked to myocardial ischemia, particularly when the resting 

ECG is uninterpretable (176). ESEs are often terminated at an APMHR of 85% to allow 

the patient to move quickly into a supine position for peak image acquisition as wall 

motion abnormalities may resolve quickly (122, 173, 177). RPP, as an established 

estimate of MV̇O2 and, therefore, myocardial work (2, 149), is frequently recorded 

during an ESE but not commonly used as a marker of sufficient cardiac workload (173). 

MRPP has been shown to be a predictor of CV outcome during ESTs, displaying 

superiority over APMHR to predict CV events (178).  Therefore, MRPP may provide a 

more reliable assessment of cardiac workload than APMHR for the prediction of CV 

events during ESEs.  The aim of this study was to compare MRPP and APMHR as 

predictors of future CV events in intermediate risk patients performing an ESE. 

 

8.4 Methods 
 

The study sample was retrieved from the Logan Hospital, a public hospital in southeast 

Queensland, Australia, and was approved by the Metro South Health Service District 

Human Research Ethics Committee (LNR/2018/QMS/43888) and the Griffith 

University Human Research Ethics Committee (2019/040), conforming to the 

declaration of Helsinki. Retrospective data from consecutive ESEs performed between 
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01/01/2010 and 31/12/2014 for the investigation of inducible myocardial ischemia were 

included (n=783). Any test considered positive by RWMA, ECG criteria, symptoms, or 

patients with worse than resting mild left ventricular dysfunction (n=71) were excluded, 

as downstream management strategies would differ in this group. The total number of 

tests remaining for analysis was 712. Echocardiography images were obtained with a 

Philips IE33 ultrasound machine (Philips Medical Systems, Andover, MA) in the left 

lateral decubitus position. Image analysis was performed as per ASE guidelines (122). 

The treadmill exercise was administered on a computer-controlled treadmill 

system (Marquette Case, Milwaukee, WI), performed to volitional fatigue, using the 

standard Bruce protocol (121). Manual BP measurements were taken by an experienced 

operator at least once every stage, at peak exercise, and a minimum of twice during 

recovery. RPP was calculated by multiplying HR by SBP throughout the test and MRPP 

was identified. Mean follow up was 4.4 ± 2.1 years by reference to medical records and 

mortality registry or contact with the patients’ general practitioners. 

 

8.5 Analysis 
 

Quantitative data were summarised as mean ± SD and the student t-test or Fisher’s exact 

test were used where appropriate. To establish a cut-point for MRPP and APMHR, 

ROC analysis was used to calculate sensitivity and specificity with respect to CV events 

(CV mortality, non-fatal myocardial infarction, stroke or heart failure (minimum stage 

C) (159), PCI/balloon angioplasty or coronary artery bypass grafting) at mean follow-up 

(4.4 years) as the outcome measure.  The longest vertical deviation from the diagonal 

line was chosen as the optimal cut-point. Kaplan-Meier survival analysis was used to 
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evaluate CV events, CV mortality and all-cause mortality for those above and below the 

optimal cut points. The log-rank test was used to assess statistical significance. Cox 

proportional hazard models were created to assess variables significant for CV events. 

Variables were selected from baseline differences between those with and 

without CV events (Table 8.1 and 8.2). Likewise, inability to achieve the ROC cut-

points was included in the model with entry and multivariate retention set at a 

significance level of 0.05. Multivariate analysis was performed to assess factors 

influencing the ability to achieve the ROC cut-points including age, smoking, HR and 

BP medications. Categorical data were compared using the chi-square or Fisher’s exact 

test, where appropriate. Data analysis was performed using XLSTAT 2018.7 

(Addinsoft, New York) with a 2-tailed p value <0.05 considered statistically significant. 

 

8.6 Results 
 

Table 8.1 displays the physical attributes of the patients together with their ESE 

measures for those with and without CV events during follow-up.  Table 8.2 lists the 

CVD risk factors and medications of the patients at time of testing. Those with CV 

events were older, performed less exercise and produced less myocardial work during 

their test; and had more resting RWMA on their echocardiograms (Table 8.1). They also 

exhibited more prior history of CAD, used more medications and overall displayed a 

greater CVD risk (Table 8.2).  
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Table 8.1: Patient characteristics and ESE measures. 

Values show number of cases (n), mean ± SD or percentage (%) of the group. * 

significant from resting values p<0.05. # significant between CV event and no CV 

event group p<0.05. 

Variable 
CV Events 

(n=58) 
No CV Events 

(n=657) 
p-Value 

Age (years) 60.0 ± 10.4 #  52.8 ± 11.5  <0.01 

Men 36 (62.1%) 316 (48.1%) 0.25 

Resting HR (bpm) 75 ± 14  79 ± 14 # 0.02 

Resting SBP (mmHg) 132 ± 19 128 ± 18 0.18 

Resting RPP 9820 ± 2311 10212 ± 2435 0.24 

Maximum HR (bpm) 143 ± 18* 164 ± 19*# <0.01 

Maximum SBP (mmHg) 166 ± 27* 171 ± 21* 0.08 

MRPP 23762 ± 4839* 28045 ± 4731*# <0.01 

Test Duration (min:sec) 7:17 ± 2:48  8:42 ± 2:33 #  <0.01 

METs 8.8 ± 3.0 10.4 ± 2.8 # <0.01 

Resting RWMA  9 (15.5%) # 25 (3.8%) <0.01 

Diastolic dysfunction 14 (24.1%) 89 (13.6%) 0.09 

Mildly impaired resting ejection fraction  4 (6.9%) # 10 (1.5%) 0.02 
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Table 8.2: CVD risk factors and medications. 

Values show number of cases (n), ± SD or percentage (%) of the group. NOAC, 

non-vitamin K antagonist oral anticoagulant. 

Variable 
CV Events 

(n=58) 
No CV Events 

(n=657) 
p-Value 

CVD risk factors 3.1 ± 1.3  2.1 ± 1.3 <0.01 

No risk factors for CVD 3 (5.2%) 78 (11.9%) 0.19 

Family history of CVD 17 (29.3%)  204 (31.1%) >0.99 

Diabetes Mellitus  19 (32.8%) 112 (17.0%) 0.03 

Smoker 14 (24.1%) 156 (23.7%) >0.99 

Hypertension  39 (67.2%) 282 (42.9%) 0.04 

Dyslipidaemia  45 (77.6%) 322 (49.0%) 0.04 

Obesity  17 (29.3%) 220 (33.5%) 0.78 

Prior CAD 31 (53.4%) 91 (13.9%) <0.01 

Medications per patient 3.3 ± 1.9 1.7 ± 1.7 <0.01 

No medications  6 (10.3%) 232 (35.3%) <0.01 

β blockers  31 (53.4%) 148 (22.5%) <0.01 

Ca2+ blockers  13 (22.4%) 71 (10.8%) 0.04 

ACE inhibitors  22 (37.9%) 139 (21.1%) 0.03 

ARBs 13 (22.4%) 115 (17.5%) 0.49 

Nitrates  9 (15.5%) 15 (2.3%) <0.01 

Statins  35 (60.3%) 269 (40.9%) 0.10 

Diuretics 7 (12.1%) 44 (6.7%) 0.19 

Aspirin  36 (62.1%) 244 (37.1%) 0.03 

NOAC 2 (3.4%) 3 (0.5%) 0.06 

P2y12 inhibitor  16 (27.6%) 53 (8.1%) <0.01 

Warfarin  4 (6.9%) 10 (1.5%) 0.02 
 

ROC analyses revealed an optimal cut-point of 25060 for MRPP (sensitivity 

76%, specificity 78.2%, AUC 0.77). For APMHR, the optimal cut-point was equal 

between 2 points; 93.8% (sensitivity 63.8%, specificity 69.4%) and 97.9% (sensitivity 
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79.3%, specificity 53.9%) (AUC 0.71). At 85% APMHR, the sensitivity and specificity 

were 27.6% and 91.8% respectively. The difference between the two models failed to 

reach statistical significance (p = 0.12) (Figure 8.1).  

 

 

Figure 8.1: ROC curve for MRPP and APMHR. 

The bold arrow indicates the optimal cut-point for MRPP. The dotted arrow 

(93.8%) and dashed arrow (97.9%) indicate the optimal cut-points for APMHR. 

The black dot specifies the data point at 85% APMHR. 
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There was no CV mortality throughout the follow-up period. Figure 8.2 

illustrates the Kaplan-Meier curves for all-cause mortality and CV events with respect 

to the MRPP cut point of 25060 and APMHR of 85%. There was no significant 

difference in all-cause mortality for all interactions of MRPP > or ≤ 25060 and APMHR 

> or ≤ 85% (Figure 8.2a).  In contrast, the accumulation of CV events was significantly 

less in those achieving > 25060 MRPP or > 85% APMHR compared to MRPP ≤25060 

and APMHR ≤85% (p<0.05) (Figure 8.2b). From 3 years follow-up, those attaining a 

MRPP > 25060 had significantly less events than those reaching > 85% APMHR 

(p<0.05) (Figure 8.2b).  

Table 8.3 shows the outcome of Cox proportional hazard analysis for predicting 

CV events. After adjustments, only age, the presence of diabetes, previous CAD and an 

MRPP <25000 remained as significant predictors.  

No CV medication influenced the ability to achieve the cut-points for APMHR 

and MRPP. For all cut-point levels of APMHR (<85%, <94%, <98%) only a younger 

age was a significant factor for the inability to achieve above these levels. There was no 

significant factor influencing MRPP other than the components of MRPP (maximum 

HR and maximum SBP).  
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Figure 8.2: Kaplan Meier curve. 

a. all-cause mortality and b. CV events for MRPP > and ≤ 25060 and APMHR > 

and ≤85%. 
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Table 8.3: Univariate and multivariate predictors of CV events post ESE. 

 

 

8.7 Discussion 
 

The current study demonstrates MRPP as a reasonable prognostic measure of future CV 

events (AUC = 0.77). While the overall diagnostic model between MRPP and APMHR 

failed to reach significance (p=0.12) (Figure 8.1), no level of APMHR predicted future 

CV events (Table 8.3). In comparison, inability to achieve the ROC curve cut-point for 

Variable 
Univariate 
Hazard Ratio 
(95% CI) 

Chi 
Square 

p-Value 
Multivariate  
Hazard Ratio  
(95% CI) 

Chi 
Square 

p-Value 

       
Age 1.06 (1.02-1.10) 9.1 0.003 1.06 (1.03-1.09) 16.8 <0.0001 

Men 1.14 (0.54-2.40) 0.2 0.738 - - - 

Diabetes Mellitus 2.57 (1.28-5.17) 7.0 0.008 2.77 (1.48-5.17) 10.2 0.001 

Hypertension 2.58 (1.09-6.11) 4.7 0.031 2.02 (0.91-4.48) 2.9 0.086 

Dyslipidemia 0.94 (0.44-2.00) 0.1 0.872 - - - 

Prior coronary artery disease 3.20 (1.51-6.80) 9.2 0.002 2.56 (1.43-4.57) 10.0 0.002 

β-Blocker use 1.22 (0.63-2.37) 0.4 0.551 - - - 

Calcium channel blocker use 0.63 (0.28-1.42) 1.2 0.265 - - - 
Angiotensin converting 
enzyme inhibitor use 

1.36 (0.70-2.66) 0.8 0.365 - - - 

Nitrate use 2.72 (1.05-7.05) 4.2 0.040 2.17 (0.99-4.75) 3.7 0.052 

Aspirin use 0.66 (0.34-1.27) 1.6 0.213 - - - 

P2Y12 inhibitor use 0.51 (0.23-1.13) 2.7 0.099 - - - 

Warfarin 0.33 (0.08-1.41) 2.3 0.133 - - - 

<7:17min:sec treadmill time 3.64 (0.45-29.8) 1.5 0.228 - - - 

<8.8 metabolic equivalents 0.19 (0.02-1.56) 2.4 0.122 - - - 
<85% Age predicted 
maximum heart rate 

1.53 (0.67-3.48) 1.1 0.311 - - - 

<94% Age predicted 
maximum heart rate 

0.63 (0.25-1.55) 1.1 0.312 - - - 

<98% Age predicted 
maximum heart rate 

1.83 (0.68-4.92) 1.4 0.232 - - - 

Resting regional wall  
motion abnormalities 

0.30 (0.00-0.91) 4.6 0.033 0.43 (0.15-1.20) 2.6 0.105 

Maximum rate pressure 
product <25060 

7.64 (3.40-17.2) 24.2 <0.0001 6.21 (3.26-11.8) 30.9 <0.0001 

Mildly impaired resting left 
ventricular ejection fraction 

6.03 (1.30-27.9) 5.3 0.022 3.59 (0.94-13.8) 3.5 0.063 
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MRPP of 25060 was a strong uni and multivariate predictor of CV events (Table 8.3).  

An APMHR of 85% is often used as a marker of sufficient stress during treadmill 

exercise (179). Our study found this value exhibited poor sensitivity (27.6%) for the 

detection of future CV events in otherwise negative studies (Figure 8.1). The use of 

85% APMHR appears to come from studies demonstrating that failure to achieve this 

level is a marker of chronotropic incompetence (143, 144). No study has shown this 

level of APMHR as a sufficient marker of cardiac workload during exercise although 

many still use this as a termination point during exercise testing despite guideline 

recommendations (51, 55, 106). The current study shows even achieving an APMHR 

>85% did not predict a better outcome compared to an MRPP >25060 (Figure 8.2b). 

There was a significant difference for CV event frequency during follow-up 

between those achieving an MRPP above 25060 and those below (Figure 8.2b). 

Previous work by Whitman et al. demonstrated similar results in those with poor 

functional capacity but MRPP >25000 during an EST (178). In the current study, resting 

left ventricular dysfunction was found to be an independent predictor of future CV 

events (Table 8.3). Elhendy et al. demonstrated similar results with resting 

echocardiogram abnormalities and poorer CV outcomes in those unable to achieve 85% 

APMHR and, although not discussed, an inability to reach an RPP of 25000 during an 

ESE (144). Advancing age, diabetes, hypertension and the presence of CAD have all 

been shown to increase CVD risk (118, 180). This is confirmed in the current study as 

these risk factors were all significantly different between the CV event group and the no 

CV event group (Table 8.2). The greatest predictor for CV events in the current study 

was failure to reach an MRPP of 25060 (Table 8.3). In a study by Sadrzadeh Rafie at el. 

(90), RPP reserve was a stronger predictor of CV outcome than even exercise capacity, 

a known CV prognostic marker (98). Similarly, we found the inability to achieve an 
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MRPP >25060 to be a strong CV event predictor with exercise capacity failing to 

predict CV events in the current study (Table 8.3). The ability to increase SBP alone 

during an ESE has been associated with a significantly lower risk of future CV events 

(145). Therefore, it appears the BP response during exercise is equally as important as 

the HR response and should be used in conjunction (i.e. MRPP) to maximise the 

prognostic power for the prediction of CV events.  

There are some limitations to this study. Firstly, our study is a single centre 

cohort and therefore the decision to perform an ESE may have been subject to selection 

bias. Secondly, while most of our patients were risk stratified as intermediate/moderate 

risk for CVD, the total event rate during follow-up was only 8% suggesting a lower 

overall risk. Finally, like all predictive models, care should be taken not to replace 

clinical suspicion in patients deemed to be at sufficient future CV event risk.  

In conclusion, the current study demonstrates the superior prognostic power of 

RPP over APMHR alone for the prediction of future CV events in patients performing 

an ESE for the detection of myocardial ischemia. While APMHR has been used as a 

marker of sufficient myocardial work in the past, the current study demonstrates the 

value of MRPP during exercise testing and mandates further investigation in this area. 
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9.0  

Case Study Series: 

Rate Pressure Product and 

Compensatory Mechanisms in Ischemia. 
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9.1  Abstract 
 

The following case series will display the strengths and weaknesses of using RPP to 

quantify myocardial stress during ETT. There are many factors involved in determining 

CAD severity and we are still to discover many of them. Whilst not exhaustive, there 

are three compensatory mechanisms in myocardial ischemia that are the most 

commonly researched and understood, coronary collateralisation, non-dominant flow 

and balanced ischemia (181-191). While these adaptive changes and phenomena occur 

as a response to myocardial ischemia, these compensatory mechanisms often mask 

ischemia during non-invasive cardiac testing (185, 189). To what extent RPP plays a 

part in each of these ischemic mechanisms will be discussed along with disease 

progression. These cases were discovered whilst undertaking the studies in chapter 6 to 

8 and demonstrate the challenges sometimes faced whilst performing ETT for the 

investigation of myocardial ischemia. They also demonstrate the effective use off 

MRPP in conjunction with maximum fatigue during ETT and the difference this can 

make when presented with these complex circumstances. 
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9.2 Coronary Collateralisation 
 

An ESE was performed on a 56-year-old man due to newly diagnosed hypertension 

(stage 2) and feeling of tiredness. His cardiac risk factors included hyperlipidaemia and 

he was an ex-smoker of 16 years. There was no family history of ischemic heart disease. 

He exercised 5 times a week, including jogging and reported drinking 10-15 units of 

alcohol per week. The resting ECG showed sinus rhythm and no acute ST segment 

changes. He exercised to the end of stage 5 (15 minutes) of the Bruce protocol and 

denied any chest pain. At 14 minutes, the ECG displayed ST segment depression in the 

inferior-lateral leads 4 mm down-sloping by test end (Figure 9.1). 

 

 

Figure 9.1: ECG demonstrating inferior-lateral ST segment depression. 
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  His MRPP was 32450 at peak stress. Echocardiography demonstrated RWMA 

involving the basal to mid inferior sections and subsequent CA revealed diffuse disease 

in the right coronary artery (RCA) with complete distal occlusion and 2 significant 

collateral vessels (Figure 9.2). Figure 9.3 displays anastomosis of the distal end of the 

RCA to the left anterior descending artery (LAD).  

 

 

Figure 9.2: Right anterior oblique view of the RCA. 

Diffuse disease can be seen throughout the vessel with the white arrow donating 

the chronic total occlusion. 
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Figure 9.3: Right anterior oblique view of the LAD. 

The white arrow denotes the anastomosis to the distal portion of the RCA. 

 

The finding of significant CAD in the physically fit and active is not a new 

phenomenon. Möhlenkamp et al. described a case of a 64-year-old marathon runner 

with severe triple vessel disease that bicycle stress testing failed to reveal (192). In 1979 

Noakes et al. presented 2 cases of significant CAD in marathon runners, the first dying 

whilst completing a marathon, the other, following a history of chest, jaw and arm pain, 
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passed away waiting for a bypass operation (193). There is a plethora of case studies in 

the literature demonstrating the physically fit are not immune to CAD. In our patient an 

exceptional workload of 15 minutes (16.9 METs) (myocardial workload MRPP 32450) 

was required to reveal his ischemia. The patient in Möhlenkamps’ study worked to 250 

watts on a cycle ergometer and while this is considered a normal workload for a 64-

year-old male it wasn’t sufficient to demonstrate ECG changes or symptoms. The peak 

values of exercise were not disclosed in this study, so it is unknown what level of 

MRPP was achieved. Our patient reached 85% APMHR at 12:45 min, an exceptional 

workload for his age. His MRPP was 23800 and if we had terminated at this point his 

disease may have gone unchecked.  

There is a view that the discovery of CAD at very high workloads is of less 

significance (194) and although this has been confirmed regarding long term prognosis 

(147), this subset of patients are not immune from future CV events (193). 

Coronary collateralisation has been demonstrated experimentally in both dogs 

and more recently humans (181, 182). The concept that a given cardiac workload (RPP) 

during ischemic conditions can augment an adaptive change in coronary vessels has 

been well described (182). Exercise coupled with the ischemia produced by the 

occluded RCA may have played a large part in the development of our patients’ 

extensive collateralisation (Figure 9.2 and 9.3).  
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9.3 Non-Dominant Flow 
 

A 48-year-old man was referred for EST due to 2 episodes of central chest pain, 

precipitated by exercise. His only cardiac risk factor was hyperlipidaemia and he 

exercised regularly. His resting ECG displayed sinus rhythm with normal axis and no 

acute pathology. He exercised for nearly 16 minutes of the Bruce protocol stopping only 

due to chest pain symptoms in the last minute. No ST segment depression was noted at 

peak exercise, however this materialised 4 minutes into recovery (Figure 9.4). His 

MRPP was 28000 at peak stress.  

 

 

Figure 9.4: ECG demonstrating inferior-lateral ST segment depression. 

 

He was sent for a CA that showed an 80% ostial occlusion in the LAD (Figure 9.5). 
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Figure 9.5: CA showing the left anterior oblique view. 

The white arrow shows the proximal 80% occlusion in the LAD. 

 

The supply of blood to the heart is primarily achieved via the three main 

epicardial arteries. Coronary blood flow in these arteries display a dominance, that is 

approximately 70% of the population are RCA dominant, 10% are left circumflex 

dominant and 20% are co-dominant (191). There is extensive literature describing non-

dominant flow (183, 186, 187). Our patient was RCA dominant with a significant 
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plaque in the LAD (non-dominant vessel). This probably allowed the patient to remain 

asymptomatic for a long time until a certain level of myocardial stress (RPP) was 

achieved. If functional capacity or APMHR had been used to assess this patient, the test 

may have been terminated earlier and his disease missed. He was referred for coronary 

artery bypass grafting of his LAD.  

 

9.4 Balanced Ischemia 
 

Balanced ischemia is thought to be caused by multiple ischemic zones throughout the 

heart with differences between areas of normal myocardium and ischemic myocardium 

becoming less obvious and therefore more difficult to detect. This has been 

demonstrated repeatedly in the literature through MPS (184, 185, 188, 189). It is 

typically caused by left main coronary disease or triple vessel disease in patients that 

have high ischemic burdens (190). Whether this phenomenon applies to electrical 

potentials in the heart in vivo is not known (195). 

Patient 1, a 69-year-old man, presented to the emergency department with 

troponin negative, epigastric pain radiating to the jaw on the background of stage 1 

hypertension. An EST was performed, with the patient achieving over 10 minutes 

(Bruce protocol) with a MRPP of 32800. During early recovery he experienced the 

same pain he presented with and no significant ECG changes were noted. He was 

referred for CA based on the pain with a high suspicion of CAD. His CA displayed a 

90% stenosis in the RCA (Figure 9.6), 70% stenosis in the Circumflex artery and 40% 

in the LAD (Figure 9.7). 

 



99 
 

 

Figure 9.6: Left lateral projection of the RCA. 

The white arrow denotes the 90% stenosis. 
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Figure 9.7: Right anterior oblique view. 

The white bold arrow showing a 70% lesion in the circumflex artery and white 

dotted arrow 40% lesion in the LAD. 

 

Patient 2, a 56-year-old man, was referred for EST following several brief 

episodes of chest pain. His CV risk included smoking and hypertension. He exercised 

for over 11 minutes on a standard Bruce protocol reaching a MRPP of 22560. No chest 

pain or ECG changes were noted. He re-presented 9 months later with a non-ST 

segment myocardial infarction. His CA revealed a 30% left main lesion, complete 

occlusion of the LAD, a 40% lesion in the Circumflex (Figure 9.8) and a 60% in the 
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RCA (dominant) with diffuse disease noted throughout the right coronary system 

(Figure 9.9). A coronary artery bypass graft was performed. 

 

 

 

Figure 9.8: Right anterior oblique orientation. 

Showing a total chronic occlusion of the LAD (white bold arrow), a 30% lesion in 

the left main (white dashed arrow) and a 40% lesion in the circumflex artery 

(white dotted arrow). 
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Figure 9.9: Left anterior oblique view. 

Showing diffuse disease throughout the RCA. 

 

The difference between the 2 cases presented here is the level of myocardial 

stress (MRPP). Patient 1, while displaying no ECG signs of myocardial ischemia, 

reached a high enough level of myocardial workload to elicit symptoms like those 

experienced on presentation to hospital. Both patients displayed an adequate functional 

capacity for their age (nomogram) and both coronary trees can be seen to display similar 

levels of plaque burden. It therefore begs the question of whether MRPP plays a 
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significant role in unmasking the state of balanced ischemia; and to what extent 

myocardial voltage gradients are subjected to this phenomenon (195, 196). In contrast, 

the following case demonstrates the limitations of RPP to detect myocardial ischemia 

during ETT. 

A 57-year-old male was referred for ESE to investigate episodes of central chest 

pain. His CAD risk factors included dyslipidaemia and a strong family history. He 

exercised for 9 minutes on a standard Bruce protocol attaining a MRPP of 29440. He 

was asymptomatic throughout the test and had no evidence of myocardial ischemia on 

the ECG or on the echocardiogram. He represented 15 months later with more chest 

pain. A CA was performed on this occasion revealing diffuse mild-moderate disease 

throughout the left (figure 9.10) and right coronary trees (figure 9.11) with a significant 

lesion (80%) noted in the marginal branch requiring stenting (figure 9.10). While this 

example case was rarely seen throughout the data collection of this thesis, it illustrates 

the complexity and challenges in diagnosing coronary stenosis even in the presence of 

an otherwise negative ETT at high MRPP.     
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Figure 9.10: Left coronary tree. 

Showing a 70% lesion of the high marginal branch (white bold arrow), and diffuse 

disease throughout (white dotted arrows). 
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Figure 9.11: Right coronary tree. 

Showing diffuse disease throughout (white dotted arrows). 
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9.5 Plaque Progression 
 

The final case example to follow will illustrate the intricacy of CAD, briefly touched on 

in chapter 6. The ability of cardiac functional testing to provide a high sensitivity in 

order to predict future CV events is not only dependent on the extent of disease and 

compensatory mechanisms present, but also the progression of the disease (197-200). 

 A 38-year-old man was referred for an EST on the background of chest pain that 

radiated to his shoulders. His cardiac risk factors included a family history of CAD, 

hypertension, newly diagnosed type 2 diabetes mellitus and obesity. He exercised for 

nearly 10 minutes on the Bruce protocol achieving a MRPP of 33800. He was 

asymptomatic throughout the test and the ECG was negative for myocardial ischemia. 

He re-presented with chest pain 3 years later and a CA revealed diffuse moderate 

disease throughout both left (figure 9.12) and right coronary projections (figure 9.13) 

with 2 significant lesions in the first diagonal branch requiring stenting (figure 9.12).  

 Even with adequate medical therapy, the rate of CAD progression has been 

shown to be influenced by the CAD risk factors hypertension, diabetes and 

dyslipidaemia (197). In the above case study, the patient had hypertension and newly 

diagnosed diabetes, both demonstrated earlier in chapter 8 to be independent predictors 

of future CV events. To what extent his disease progressed throughout the 3 years from 

the initial presentation is unknown, however this case illustrates the shortcomings of 

cardiac functional testing to predict future CV events. While warranty periods following 

an otherwise negative ETT have been crudely proposed (140, 141), there are clearly 

factors beyond our understanding that influence our ability to predict CVD and 

ultimately future CV events regardless of the RPP achieved during the test.   
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Figure 9.12: Left coronary projection. 

Showing 70% lesions of the 1st diagonal branch (white bold arrows), and diffuse 

disease throughout (white dotted arrows). 
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Figure 9.13: Right coronary projection. 

Showing diffuse disease throughout (white dotted arrows). 
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10.0   

 

Conclusion 
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10.1 Contributions of the research 
 

This thesis has contributed to the development of RPP as a diagnostic and prognostic 

variable in the following areas: 

1. Firstly, the use of handrail support during ETT was demonstrated to increase 

MRPP in those unfamiliar with treadmill exercise. In clinically based 

populations especially in the frail and elderly, handrail support may provide the 

confidence to enable the patient to reach a sufficient level of myocardial stress 

(i.e. RPP). When screening for CAD, producing a greater myocardial stress may 

increase the sensitivity for the diagnosis of significant CAD, therefore reducing 

the number of inconclusive tests in this cohort that struggle without the support 

of the hand rails (chapter 5).   

2. Secondly, in patients with reduced functional capacity and otherwise normal 

ETT, we proposed a level of myocardial stress (i.e. RPP) that would reduce 

downstream testing required in this cohort. Often this group is referred for 

further testing in the belief that the reduction in functional capacity makes the 

test inconclusive for the assessment of myocardial ischemia. We presented a 

potential cost saving at our facility alone of $60,000 based on the cost of 

downstream testing that would not have otherwise been required in the 4-year 

data collection period with identical patient outcomes (chapter 6). 

3. Next, while it has been acknowledged in the literature that the BP response to 

dobutamine is somewhat blunted, we have now demonstrated the overall lack of 

RPP response during DSE. Furthermore, our findings allow us to systematically 

propose HRR during DSE as the best prognostic outcome based on future CV 
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events in patients with otherwise negative tests. To our knowledge these 

findings have not previously been reported (chapter 7). 

4. Finally, in a larger more varied cohort we confirmed the results of our earlier 

study, demonstrating a nearly identical critical level of RPP as a suitable marker 

of adequate myocardial stress at all (not just reduced) levels of functional 

capacity. We also demonstrated during exercise testing, the superiority to predict 

future CV events of RPP over APMHR, hitherto considered as a suitable 

termination point during ETT (chapter 8). 

 

10.2 Summary and future directions 
 

The overall results reported in this thesis revealed RPP to be a superior diagnostic and 

prognostic predictor of future CV events following ETT when compared to APMHR. 

This was identified firstly by demonstrating the role handrail support can play in clinical 

ETT. While our results displayed a significant difference in MRPP between regular 

treadmill uses and those unfamiliar with treadmill exercise, it was hypothesised that this 

same result would translate to a clinical population. While this would seem rational, a 

study on a clinical population would be beneficial to demonstrate this concept. 

Next, in a cohort of 236 patients deemed to have an inconclusive ETT due to 

reduced functional capacity, we demonstrated MRPP to be an excellent predictor of CV 

events during a mean follow-up period of 5 years. In contrast we showed APMHR to be 

a poor predictor. This might be considered controversial as APMHR has long been used 

as a marker of sufficient workload or suitable level of stress during ETT. While our data 

demonstrated statistical significance, multivariate analysis showed the study was 

probably under powered and a larger study was recommended in our conclusions. We 
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achieved this in our final study with a cohort of over 700 patients that performed an 

ESE. Remarkably we confirmed our initial results, this time in all ETTs not just those 

with reduced functional capacity. The findings this time displayed an almost identical 

cut off value for MRPP as in our previous study. APMHR was once again found to be a 

mediocre predictor of CV events and inferior to RPP. While this study displayed 

adequate statistical power, it remained a single centre cohort and a larger multi-centre 

study would assist in confirming our results. 

While APMHR during ETT was found to be a modest predictor of CV events, 

we did discover a role for HRR during functional testing when a pharmacological agent 

was used as the mode of stress. We tested HRR as a predictor of future CV events 

during DSE and demonstrated a new cut-off point for test termination superior to the 

commonly used APMHR. We believe this is the first study to demonstrate this in the 

setting of screening for CAD. We also verified the lack of RPP response during DSE, 

mainly due to the inability of SBP to increase sufficiently under the influence of 

dobutamine.  

In chapter 6, we demonstrated a significant practical application for MRPP in 

the clinical setting. In a group considered to have inconclusive tests due to poor 

functional capacity, MRPP was shown to diminish the need for further downstream 

testing in this group, importantly, with no change in patient outcome. This has the 

potential to reduce significant health care costs associated with downstream testing 

othering no further clinical benefit. Larger, multi-centre studies would need to be 

performed however to confirm these findings and demonstrate the same level of safety. 

Throughout the studies reported in this thesis a common theme has emerged. In 

ETT, MRPP outperformed APMHR for the diagnosis of future CV events in patients 
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being screened for CAD. While the use of APMHR in this area hasn’t been established, 

it has been demonstrated as a marker of chronotropic incompetence. In these studies, a 

poorer outcome has been noted in those unable to achieve an APMHR of 85% during 

ETT, with the majority succumbing to heart failure. We hypothesise that RPP may 

perform admirably in this area also, and a study comparing the 2 variables MRPP and 

APMHR with heart failure as the outcome variable would be worthwhile. The 

relationship between RPP and left ventricular global longitudinal strain (the contractile 

response of the myocardium) during ETT, is another area that may benefit from 

additional studies in the future.  

In conclusion, the studies reported in this thesis have demonstrated substantial 

interpretive benefit using a simple measure that is easily calculated with minimal 

equipment. These findings warrant further investigation with larger multi-centre studies 

to confirm and establish, RPP as a routine predictor of CV outcome during ETT. 
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