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Thesis abstract.

THESIS ABSTRACT.

Cardiovascular disease (CVD) is the leading cause of morbidity and mortality
worldwide, with the number one risk factor being high blood pressure (BP). The
diagnosis and management of high BP has been traditionally made based on BP
measured in a clinic setting under resting conditions. Based on this mode of assessment,
it was estimated that in 2019 over 1.2 billion adults worldwide had high BP. However,
many more people have high BP that is either not diagnosed or well-controlled. Indeed,
8-20% of individuals with normal clinic BP have high BP when measured outside of
the clinic (based on gold-standard ambulatory BP monitoring) and thus remain at
elevated CVD risk. Since out-of-clinic BP monitoring is not always available,
alternative methods are needed to improve the identification and management of high

BP and its related CVD risk.

Recent research indicates that an abnormally high BP response to dynamic exercise
(termed a hypertensive response to exercise; HRE) is an independent signal for future
cardiovascular morbidity, events and mortality, likely because of high BP missed by
standard clinic (resting) BP. Whilst this work highlights the potential importance of
measuring the BP response to exercise for the identification of high BP-related CVD
risk, there are still several key gaps in the clinical understanding of exercise BP. Indeed,
several CVD risk factors may influence the BP response to exercise, but the specific
nature of these relationships is unknown, and whether CVD risk is different in those
with an HRE remains unclear. Additionally, several factors that relate to how exercise
BP is measured (i.e. methodological considerations) may influence clinical
interpretation of the exercise BP response. Thus, the broad aims of this research were
to determine: (1) the relationship between exercise BP and individual CVD risk factors
and (2) if some methodological factors may influence clinical interpretation of exercise

BP.
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Thesis abstract.

Manual measurement of BP during an exercise test is the recommended standard, but
automated BP measurement is an alternative method routinely used in clinical settings.
Study 1 (Chapter 2) was undertaken to determine the concordance between manual
and automated BP during a standard treadmill exercise test in 41 individuals with type
2 diabetes mellitus (66+5 years; 54% male). Concordance between manual and
automated BP across all exercise stages was found to be excellent for systolic BP
(intraclass correlation=0.964 [95% confidence intervals: 0.942-0.977]). Concordance
between manual and automated diastolic BP across all exercise stages was found to be
moderate-to-good (intraclass correlation=0.784 [95% confidence interval: 0.672-
0.858]). These results highlight that automated measurement of BP may be a suitable
alternative to manual measurement of BP during clinical exercise testing among

individuals with type 2 diabetes mellitus.

Study 2 (Chapter 3) was a systematic review and meta-analysis to (1) assess the
relationship between exercise BP and cardiac structure, and (2) determine if cardiac
structure is different in those with an HRE, across various study populations (including
those with or without high BP at rest). Exercise systolic BP (at any intensity) was
associated with increased left ventricular (LV) mass, LV mass index, relative wall
thickness, posterior wall thickness and interventricular septal thickness (p<0.05 all).
Those with an HRE (recorded at any intensity) had higher risk of LV hypertrophy,
increased LV mass, LV mass index, relative wall thickness, posterior wall thickness,
interventricular septal thickness and left atrial diameter vs. those without an HRE
(p<0.05 all). Results were broadly similar between studies with different population
characteristics and highlight the potential hypertension-related CVD risk associated

with an HRE.
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A second systematic review and meta-analysis was performed as Study 3 (Chapter 4)
to examine the relationship between exercise BP and general CVD risk factors. This
study also aimed to determine if CVD risk was higher in those with an HRE compared
to those without an HRE across different study populations (including those with or
without high BP at rest). Exercise systolic BP (at any intensity) was associated with
arterial, lipid and kidney function-related CVD risk markers (p<0.05 all). Those with
an HRE (during any intensity) had greater arterial stiffness, elevated metabolic and
lipid profiles, a higher degree of inflammation, and lower kidney function than those
without an HRE (p<0.05 all). The poorer CVD risk profile among those with an HRE
was also consistent amongst population groups with or without high BP at rest. These
results suggest that an HRE should be considered an important indicator of heightened

CVD risk.

To gain a deeper understanding of the relationships between CVD risk factors and
exercise BP, Study 4 (Chapter 5) was conducted with the aim to quantify the various
pathways of association between CVD risk factors and exercise BP, whilst also
determining what CVD risk factor/s were most-strongly related to exercise BP. This
study was a cross-sectional analysis of data from 660 participants (44.3+2.6 years; 53%
male) in the Childhood Determinants of Adult Health 3 study that had BP measured
during a submaximal exercise test. Most CVD risk factors were found to be associated
with exercise systolic BP via a relation with clinic (resting) BP (p<0.05 all). Clinic BP,
waist-to-hip ratio and cardiorespiratory fitness were the variables most-strongly
associated with exercise systolic BP (p<0.05 all), suggesting lifestyle modification of
these risk factors could be a worthwhile strategy to decrease exercise BP-related CVD

risk.
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Thesis abstract.

Pharmacotherapy can decrease clinic (resting) BP, and therefore, may also be expected
to lower exercise BP. Some medications, such as spironolactone, can also improve
cardiorespiratory fitness, which has the potential to mask any treatment effects on
exercise BP. Therefore, Study 5 (Chapter 6) was conducted to examine the effect of
spironolactone on exercise BP after considering (correcting for) cardiorespiratory
fitness using data from a previously completed three month clinical trial of
spironolactone intervention compared with placebo. This post-hoc analysis included
102 participants with an HRE (54+9 years; 52% male) that had exercise BP measured
during low intensity cycling (50, 60 or 70% age-predicted maximal heart rate).
Spironolactone improved exercise systolic BP vs. placebo (p=0.045, Cohen’s d=0.42).
When treatment effects were expressed as the change in exercise systolic BP relative
to the change in cardiorespiratory fitness, a larger effect size was observed (p=0.01,
Cohen’s d=0.58). Therefore, while spironolactone reduces submaximal exercise BP,
the full treatment effects may be hidden by improved cardiorespiratory fitness. These
findings support previous observations and altogether indicates that cardiorespiratory

fitness should be considered when interpreting the clinical relevance of exercise BP.

This thesis has identified several clinically relevant results related to exercise BP.
Exercise BP was found to share a relationship with several CVD risk factors and
different structural cardiac parameters, which highlights the high BP-related CVD risk
associated with exercise BP. There appears to be good concordance between manual
and automated measurement of exercise BP, suggesting the type of method used for
the measurement of exercise BP may not influence the clinical interpretation of the BP
response. Moreover, the assessment of exercise BP without considering changes in
cardiorespiratory fitness brought about by an intervention may mask the effects of

treatment on exercise BP.
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Taken all together, the work in this thesis further highlights the potential importance
of measuring exercise BP in clinical settings to improve the identification of CVD risk

related to high BP.
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Preface.

PREFACE.

High blood pressure (BP) is the leading modifiable risk factor for cardiovascular
morbidity and mortality [1,2]. Assessment of BP is traditionally completed with the
measurement taken at rest in clinical settings. Based on this measurement of BP, over
1.2 billion adults around the world in 2019 were estimated to have high BP [3].
However, BP measured in the clinic may not always reflect out-of-clinic BP [4,5].
Indeed, BP is overestimated when measured in the clinic in approximately 40% of
individuals compared to when assessed out of the clinic (based on gold-standard
ambulatory BP monitoring) [4]. Another 8-20% of individuals with normal clinic BP
have high BP when measured out of the clinic [5]. Thus, many people may have high
BP that is either not diagnosed or well-controlled. Given this misidentification of BP
with current standard measurements in the clinic, alternative methods are sought after

to improve the identification of high BP and its related CVD risk.

Clinical exercise testing is regularly performed worldwide to screen for CVD risk or
to evaluate the level of cardiorespiratory fitness [6-8]. The measurement of BP is
standard practice with any exercise test [6-8], and may provide the opportunity for the
identification of high BP-related CVD risk. Indeed, an abnormal BP response to
exercise, such as a hypertensive response to exercise (HRE), is an independent risk
factor of cardiovascular morbidity, events and mortality and reveals high BP missed
under resting conditions [9-11]. Despite this evidence, there are still several gaps
around the clinical understanding of exercise BP and its association with CVD risk,
which will be addressed in Chapters 3, 4, and 5. Some methodological considerations
may also influence the clinical interpretation of exercise BP. Whilst several
methodological factors could have been investigated, those in Chapters 2 and 6 used

available data.



Thesis Aims.

THESIS AIMS.

The broad aims of this thesis were to determine:

1. The relationship between exercise BP and individual CVD risk factors.

a.

The association between exercise BP and cardiac structure, and
difference in cardiac structure between those with and without an HRE
(Chapter 3).

The association between exercise BP and CVD risk factors, and
difference in CVD risk factors between those with and without an HRE
(Chapter 4).

The different pathways of associations between CVD risk factors and
exercise BP, and which CVD risk factor/s most-strongly relate to

exercise BP via structural equational modelling (Chapter 5).

2. If some methodological factors may influence the measurement of exercise BP.

a.

The concordance between manual and automated BP during a standard
clinical treadmill exercise test (Chapter 2).
If BP lowering medication can lower the BP response to submaximal

exercise (Chapter 6).

Individual study manuscripts included in this thesis have been published, submitted,

or finalised for submission to peer-reviewed scientific journals. The separate studies

in Chapters 2, 3, 4 and 6 have been largely presented in the final published or submitted

format. Select tables and figures published as peer-reviewed supplemental material

have been added to the main results of this thesis.



Review of Literature.

1 REVIEW OF LITERATURE.

1.1  INTRODUCTION.

High blood pressure (BP) is the leading risk factor for cardiovascular disease (CVD)
[1,2]. Diagnosis and management of high BP is traditionally assessed with BP
measured in clinical settings under resting conditions. Utilising the measurement of
clinic BP, over 1.2 billion adults globally were estimated in 2019 to have high BP [3].
However, many more people have high BP that is not diagnosed or well-controlled.
Therefore, alternative methods are needed to improve the identification of high BP and

its related CVD risk.

Millions of exercise tests are performed around the world in cardiology departments
and exercise physiology clinics each year. In Australia alone, >500,000 exercise tests
are performed in cardiology departments [12]. Another >300,000 individuals each year
are referred to exercise physiology services [13], where exercise tests are regularly
performed. Whilst exercise tests are performed to screen for CVD or evaluate the level
of fitness [14,15], the measurement of BP is a standard part of any test and may be an
opportunity for the identification of high BP. Indeed, the BP response during an
exercise test may highlight high BP-related CVD risk been missed by traditional
measurement of clinic (resting) BP [9-11], but the clinical understanding of exercise
BP still remains largely unknown. Thus, the following review aims to summarise the
literature (1) around exercise BP and its association with high BP-related CVD risk;

(2) highlight some factors that may influence the clinical interpretation of exercise BP.

1.2 BLOOD PRESSURE.

1.2.1 What is blood pressure?
The amount of force that the blood exerts on the arterial walls is referred to as BP.

Two BP indices are obtained with the measurement of BP: systolic and diastolic BP.
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Systolic BP defines the maximum force placed onto the arterial walls and occurs as
the left ventricle (LV) ejects blood into the circulatory system. Diastolic BP is the

minimum force placed onto the arterial walls when the LV is in diastole.

1.2.2 Traditional methods for measuring blood pressure.

The measurement of BP is commonly completed under resting conditions in clinical
settings. Clinic BP is measured with manual auscultation or an automated oscillometric
device following recommended methods in international hypertension guidelines [16].
However, these recommended methods for measuring BP in clinical settings are often
not followed and can misclassify BP and its associated CVD risk [17,18]. Several
patient-, procedure-, equipment- and observer-related factors may also influence the
assessment of clinic BP (Table 1.1) [19]. Thus, clinic BP can be subject to error and

variation and mislead the identification of high BP and its related CVD risk.

Although following the recommended methods for measuring BP in the clinic can
improve identification of high BP [17], careful measurement of clinic BP may not
always reflect BP outside of the clinic [4,5]. Measurement of BP outside of the clinic
can include 24-hour ambulatory or home BP monitoring, which are superior to clinic
measured BP for predicting CVD risk [20]. Whilst home BP monitoring can also be
helpful for long-term BP management, this review focuses on 24-hour ambulatory BP
monitoring because it is the gold standard for the identification of high BP [16].
Ambulatory BP monitoring can assess how BP changes over time and may identify
individuals with BP in the clinic that is different from measured outside of the clinic.
Indeed, some individuals can have high clinic BP, but have normal ambulatory BP,
termed white coat hypertension. On the other hand, individuals with normal clinic BP
can have high ambulatory BP, termed masked hypertension [21]. The identification of

individuals with masked hypertension is crucial because CVD risk in this population
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is similar to those with high clinic and ambulatory BP [22,23]. Moreover, masked
hypertension is estimated to be prevalent in approximately 8-20% of the general
population [24], which means many individuals would remain at elevated CVD risk if
the measurement of out-of-clinic BP is not performed. However, ambulatory BP
monitoring may sometimes be unavailable or be poorly tolerated by some individuals
[25]. Thus, the measurement of BP in clinical settings is regularly relied on for the

identification of high BP.

1.3 EXERCISE BLOOD PRESSURE.

Clinical exercise tests are performed worldwide in cardiology departments and
exercise physiology clinics. An exercise test can be performed using a treadmill, cycle,
step or walk-based modality to screen for CVD risk or evaluate aerobic/functional
capacity [14,15]. A mandatory part of every exercise test is the measurement of BP is

taken before, during and after each dynamic exercise test.

1.3.1 Normal blood pressure response during exercise.

Upon the onset of dynamic exercise, cardiac output will increase (through an elevation
in heart rate and stroke volume) to meet the oxygen and metabolic demands of the
active muscles [26]. Simultaneously, the lumen of peripheral arteries will dilate to
improve blood flow towards the exercising muscles. This peripheral vasodilation
during exercise is however insufficient to counter the elevation in cardiac output,
which will subsequently increase systolic BP. Moreover, systolic BP rises
incrementally as exercise intensity increases before plateauing at maximal exercise
workloads [27,28]. The BP response during exercise can be higher while cycling
compared to treadmill exercise [29-31], possibly because of the isometric gripping of
the cycle ergometer handlebars [29-31]. Non-modifiable and modifiable CVD risk
factors (such as age, sex, body composition and cardiorespiratory fitness) may also

influence the exercise BP response (and is further discussed in section 1.6). Taken
5
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together, the influence of these various physiological and methodological factors on
exercise BP could be why there is no consensus on what is a ‘normal’ or ‘abnormal’
systolic exercise BP response [32-34]. Unlike systolic BP, diastolic BP remains
relatively stable and may slightly decrease during high exercise intensities in response

to peripheral vasodilation

1.3.2 Abnormally low exercise blood pressure response.

An inadequate rise or drop in BP as dynamic exercise workloads increase is one
possible abnormal BP response and is termed a hypotensive response to exercise. A
hypotensive exercise BP response is absolute criteria for terminating a clinical test
because it is associated with aortic outflow obstruction, severe LV dysfunction or the
presence of myocardial ischemia [6,8,35,36]. Moreover, a hypotensive response to
exercise is associated with increased risk of non-fatal and fatal cardiovascular events
and all-cause mortality (over an average of 4.4 years) based on a meta-analysis
including 19 prospective studies [37]. This risk associated with a hypotensive response
to exercise was also irrespective of exercise modality, the intensity at the time BP was
measured and the disease status of the study population [37]. More recent data from
the Fitness Registry and the Importance of Exercise National Database and Henry Ford
Exercise Testing Project has also suggested that low maximal exercise BP response is
associated with cardiovascular events and mortality [38,39]. Whilst this work
highlights the importance of a hypotensive response to exercise, this BP response only
appears in 2-6% of individuals who complete an exercise test [40,41], and is

considered a poor prognostic sign among individuals with already established CVD.

1.3.3 Abnormally high exercise blood pressure response.
Some individuals may experience an abnormally high BP response to exercise, termed
an HRE (or exercise hypertension). According to exercise testing guidelines, a BP

>250/115 at any intensity of exercise is an indication to terminate exercise testing
6
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[6,8,35,36]. An HRE during maximal intensities has also been commonly defined as
>210/>110 mmHg for males and >190/>105 mmHg for females [42,43]. However, this
threshold for an HRE during maximal intensities has ranged from a systolic BP >190
to >220 mmHg [44,45]. Small select studies also use different thresholds for an HRE
during submaximal intensities that range from a systolic BP >150 to >180 mmHg
[10,46], and are shown to indicate high BP-related CVD risk [10,46]. This
inconsistency in the definition of an HRE may partly be because of the use of different
criteria, e.g. the 90-95" percentile or the highest tertile of exercise BP [47,48].
Nevertheless, an HRE can appear irrespective of clinic (resting) BP or whether anti-

hypertensive medication is prescribed or not.

Whilst this thesis focuses on the BP response to dyanamic exercise, BP can also be
measured following isometric exercise (e.g. handgrip test). This mode of exercise can
induce a pressor reflex, which is a neural feedback system triggered by mechano- and
chemical receptors in response to exercise to elicit an increase in sympathetic nervous
system activity [49]. An HRE can occur following isometric exercise and several
previous studies have shown that this abnormal BP response to exercise is associated

with high BP missed under resting conditions [50,51].
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Table 1.1. Potential patient-, procedure- and observer-related sources of
inaccuracy in the measurement of resting blood pressure.

Range of reported significant mean
effects (in mmHg) unless specified

Potential source of inaccuracy Systolic BP Diastolic BP

Patient-related

Acute meal ingestion s !
Acute caffeine use i )
Acute nicotine use or exposure 1 0
Bladder distension 1 1
Cold exposure 1 0
White-coat effect # #

Procedure-related

Insufficient rest 1 )
Legs crossed at knees 1 0
Unsupported arm 18 0
Arm lower than heart level 1 0
Incorrect choice of cuff size
Smaller cuff 1 0
Larger cuff ! !
Stethoscope under cuff 1 !
Talking during measurement 0 0
Fast cuff deflation rate ! 0
Reliance on a single measurement 0 #
Observer-related
Observe hearing deficit ! 0
Korotkoff phase IV (vs V) for NA 18
diastolic BP
Over-representation of terminal 1-79% 3-79%

digit preference for zero

Table adapted from Kallioinen et al.[19] BP, blood pressure; NA, not available;
1, higher BP than reference method; | lower BP than reference method; #
significant effects reported in each direction or no significant effects reported;
%only one study found a significant effect.
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1.4 ASSOCIATION BETWEEN HIGH BLOOD PRESSURE RESPONSE TO

EXERCISE AND CARDIOVASCULAR DISEASE RISK.

1.4.1 Association between exercise blood pressure and cardiovascular events and

mortality.

Several prospective studies have investigated the association between an HRE and the
risk of cardiovascular events and mortality. Filipovsky et al. [52] first reported that BP
measured during a fixed cycling workload (164 watts) was associated with
cardiovascular events and mortality in 4907 healthy men after adjustment for age,
clinic BP and other traditional CVD risk factors. These results of Filipovsky et al. [52]
were combined with 11 other prospective studies via a systematic review and meta-
analysis performed by Schultz et al.[9] This meta-analysis included 46,314
normotensive individuals followed over 15+4 years and showed every 10 mmHg
increase in submaximal exercise systolic BP was independantly associated with a 4%
(95% CI: 1-7%) higher risk of cardiovascular events and mortality. Moreover, an HRE
during submaximal intensities was independently associated with cardiovascular
events and mortality (hazard ratio = 1.36 [95% CI: 1.02-1.83]). Schultz et al. [9] also
found that exercise BP during maximal intensities was however not associated with
cardiovascular events and mortality after adjusting for other CVD risk factors. More
recently, results from 10,096 exercise tests linked to national Swedish registries also
suggest that peak exercise BP is not associated with incident CVD and mortality after
adjusting for other CVD risk factors [53].

Several previous studies have investigated the association between the BP response
after exercise and elevated CVD risk. A delayed rate of decline and paradoxial increase
in recovery-exercise systolic BP have been associated with the presence of myocardial
ischemia and coronary artery disease and cardiovascular mortality [54-57]. However,

recovery-exercise systolic BP was not associated with risk of cardiovascular mortality
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in apparently health individuals [58]. Some individuals may have a post-exercise
hypotensive response (where BP after exercise is below thato of BP measured at rest).
However, extensive discussion of post-exercise hypotension is beyond the scope of
this thesis, and can be found elsewhere [59,60]. Because of the limited data on the
association between post-exercise BP and CVD risk, the later sections of this review

will focus on the BP response during dynamic exercise.

1.4.2  Association between exercise blood pressure and incident hypertension.

Several longitudinal studies have investigated the association between exercise BP and
incident hypertension. Wilson and Meyer [61] first reported that individuals with
normal resting BP and maximal exercise BP >225/90 mmHg were, on average, at 2.28
higher risk of incident hypertension after an average of 32 months than those with
maximal exercise BP <225/90 mmHg. Several other longitudinal studies have since
reported similar findings that an HRE is associated with an increased risk of incident
hypertension [62,63]. In a second systematic review and meta-analysis by Schultz et
al.[11], the risk of incident hypertension increased by 19% with each 10 mmHg
increase in exercise BP among 23,207 individuals followed on average for 5.3 years
after adjusting for age, resting BP, and other CVD risk factors. An HRE during
submaximal intensities also independently correlated with incident hypertension after
adjusting for age, sex, resting BP, and other CVD risk factors (risk estimate: 1.90 [95%
Cl: 1.11-3.28]), which was not as evident with maximal exercise BP (risk estimate:
1.52 [95% CI: 0.99-2.33]). Following the publication by Schultz et al.[11], Caselli et
al.[64], has reported the risk of incident hypertension to be 3.6 times higher in
normotensive athletes with an HRE (maximal exercise BP >220/85 mmHg in males
and >200/80 mmHg in females) followed over 6.5+£2.8 years compared to those
without an HRE after adjustment for resting BP. Methodological considerations (i.e.

statistical power, disimilar study populations and the threshold used to define an HRE)

10
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could contribute to the difference in association between an HRE at maximal
intensities and incident hypertension reported by Schultz et al.[11] and Caselli et al.[64]
However, an HRE may also reveal high BP-related CVD risk missed under resting
conditions.

1.4.3 Association between exercise blood pressure and ambulatory blood

pressure.

Ambulatory BP monitoring is the gold standard method to assess BP [16]. Several
previous studies have found that exercise BP shares an association with 24-hour and
daytime ambulatory BP, but these relationships have not always been reported (Table
1.2). The findings of the three studies that report no association between exercise and
ambulatory BP could be due to the small sample size of the study, or other unkown
factors related to the study design [65-67]. Findings also vary on whether ambulatory
BP is similar or different (higher) in individuals with an HRE compared to those
without an HRE (Table 1.3). The variation in these previous findings could be due to
studies including various populations, measuring BP during different exercise
modalities or using thresholds to define an HRE. The exercise intensity when BP was
measured could also contribute to the variation in results between exercise BP and
ambulatory BP. Indeed, ambulatory BP monitoring is more akin to exercise BP during
submaximal (low-to-moderate) intensities rather than during maximal intensities.
However, of the previous studies that compared ambulatory BP between those with
and without an HRE, only Tzemos et al. [68] measured BP during submaximal
exercise intensities and reported no difference in daytime ambulatory BP between
individuals that had established hypertension with or without an HRE. In contrast, in
individuals with normal resting BP and no history of high BP, an HRE during
submaximal intensity may indicate elevated 24-hour and daytime ambulatory BP

[10,69]. An HRE during submaximal intensities has also been found to be more

11
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prevalent (>40%) among individuals at elevated high BP-related CVD risk (such as
those with type 2 diabetes mellitus, masked hypertension or established hypertension)
[43,70,71]. The possible high-BP related CVD risk associated with an HRE may be
why several international position statements recommend that follow up assessment
of BP is performed on individuals with an HRE to rule out the possible presence of
high BP [25,72]. Moreover, the various physiological factors and mechanisms that
underlie an HRE during submaximal exercise intensity may also underpin the presence

and development of high BP, which will be discussed in section 1.6.

1.4.4  Association between exercise blood pressure and cardiac structure.

Raised LV mass is an independent determinant of elevated CVD risk and a principle
sign of organ damage related to high BP [73]. Several studies report that exercise BP
is associated with different parameters of cardiac structure (such as LV mass, LV mass
index and relative wall thickness) [74,75]. These same structural cardiac parameters
have also appeared higher in those with an HRE compared to those without an HRE
[45,76]. However, not all studies have found a relationship between exercise BP and
cardiac structure as assessed by various parameters (e.g. left ventricle mass index and
relative wall thickness) [43,77], or reported a difference in cardiac structure between
those with and without an HRE [78-80]. These disparities in study findings may in
part be because the measurement of BP is during different exercise intensities, where
submaximal exercise BP has a stronger association with CVD events and mortality
and high ambulatory BP compared to maximal exercise BP (as discussed in sections

1.6.1and 1.6.3).

The different study populations may also influence the relationship between exercise
BP and different paramaters of cardiac structure and the difference in cardiac structure
between those with and without an HRE. Whilst individuals at elevated CVD risk (e.g.

those with masked hypertension or type 2 diabetes mellitus) can have an HRE during
12
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any intensity [10,70,81], athletes can have an HRE during maximal intensities [82,83].
Athletes and individuals at elevated CVD risk may have also undergone cardiac
structural adaptation [46,83-85]. The cardiac structural adaptation among athletes
could be a typical “physiological” response to regular exercise [84]. For example, the
high cardiac output and volume overload that endurance athletes have during sustained
training may contribute to the increase wall thickness and internal diameter of the left
ventricle [84]. In contrast, the potential pressure overload from the increase in cardiac
afterload that strength athletes sustain during training may contribute to the increase
wall thickness, but not internal diameter of the left ventricle [84]. The structural
cardiac adaptation in strength-trained individuals can be similar to those at elevated
CVD risk (and low cardiorespiratory fitness) [84]. However, the structural cardiac
adaptation in those at elevated CVD risk would be considered “pathological” rather a
“physiological.”[73]. Whether the relationship between exercise BP and cardiac
structure between different populations may influence the clinical interpretation of
exercise BP is unknown. Chapter 3 of this thesis aims to determine the relationship
between exercise BP and cardiac structure and whether cardiac structure parameters
are different between those with and without an HRE via a systematic review meta-

analysis.

1.5 CONCORDANCE BETWEEN DIFFERENT METHODS FOR MEASURING

EXERCISE BLOOD PRESSURE.
Manual auscultation is recommended for the measurement of exercise BP, but
automated BP measurement is an alternative method used in clinical settings [6,7,36].
Automated BP devices may unreliably report BP during high exercise intensities due
to the interference of noise and movement artifact [8], which may also affect the
manual measurement of exercise BP [7,8]. How noise and movement artifact is
handled by automated BP devices, exercise modality, exercise intensity at when BP is

13
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measured or sample size may be why automated exercise BP is concordant with
manual auscultation in several studies, but not all (Table 1.4). The variance in the
concordance between manual and automated exercise systolic BP reported by Modesti
et al.[86] was similar during the first four stages of a modified Bruce treadmill test.
Two studies have also used the same automated BP device (Tango+) [87,88], which
was concordant with manual auscultation during supine cycling, concordant with
invasive BP during a Bruce treadmill protocol and had good test-retest reliability.

In addition to methodological considerations, previous studies that investigated the
concordance between manual and automated exercise BP include exclusively healthy
populations with no history of CVD or high clinic BP, except for Modesti et al.[86],
with 16 individuals with established high BP (Table 1.4). Data is therefore scarce on
the concordance between manual and automated BP in a population that typically
undertake a clinical exercise test, such as individuals with type 2 diabetes mellitus that
have an increase in arterial stiffness [89]. An increase in arterial stiffness may diminish
the movement of the arterial wall, which could decrease the loudness of the Korotkoff
sounds and make BP harder to measure with manual auscultation and with an
automated BP device and potentially affect the concordance between the two
measurement methods for exercise BP [90]. Chapter 2 of this thesis aims to determine
whether manual and automated exercise BP are concordant during a standard

exercise test in a population with type 2 diabetes mellitus.

1.6 ASSOCIATIONS BETWEEN EXERCISE BLOOD PRESSURE AND

CARDIOVASCULAR DISEASE RISK FACTORS.

1.6.1 Associations between exercise blood pressure and non-modifiable

cardiovascular risk factors.
Previous data including >1000 healthy individuals have shown an increase in age is

associated with an increase in submaximal and maximal exercise BP [32,33,40,98,99].

14
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An increase in age is also associated with an elevation in arterial stiffness [100], which
may influence BP during exercise (discussed in section 1.6.4 of this review). Previous
studies also report that exercise BP is generally higher in males than in females
[32,33,40,98,99]. The elevated cardiac output and reduced total peripheral resistance
during exercise in males compared to females may contribute to the difference in
exercise BP between genders [101]. Whilst data is scarce, exercise BP appears higher
in individuals from an African American ethnic background compared to individuals
that are of Caucasian ethnicity [102,103]. Taken all together, this earlier work
highlights that non-modifiable CVD risk factors are associated with exercise BP and

may influence the clinical interpretation of the BP response.
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Table 1.2. Continuous association between exercise blood pressure (BP) and ambulatory BP.

Study (first author)

Population

General characteristics

Inclusion based on
clinic BP measured at
rest

Exercise testing
method when BP was
measured

24-hour ambulatory
BP

Daytime
ambulatory BP
only

Fossum [66]

Herkenhoff [65]

Lima [67]

Bratberg [71]

Kasiakogias [82]

Schultz [10]

o7

27 health men on no
medication randomly
selected 3500 individuals
who completed a military
medical procedure in 1993.
20 sedentary men aged 35-
50 years old

30 sedentary men (42 £ 4
years old)

77 participants (60%
female) with body mass
index <27 kg/m? and

without known heart disease

57 men with and without
untreated obstructive sleep
apnoea.

75 untreated subjects with a
hypertensive response
during peak exercise
intensity (> 210 mmHg for
males and > 190 mmHg for
females)

NR

normal (threshold not
reported)

high normal (systolic
BP, =130 and <139

mm Hg; diastolic BP, =

85 and <89 mm Hg)
NR

newly diagnosed
essential hypertension

Normal (<140/90
mmHg)

Submaximal intensity
(~100 watts) during a
cycling test

Maximal intensity
during a cycling test
Maximal intensity
during a cycling test

Maximal intensity
during a treadmill test

Maximal intensity
during a treadmill test

Submaximal intensity
during a cycling test

NR

No association

No association

Associated

Associated.

Associated

No association

NR

NR

NR

NR

NR
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Schultz [69]

Tsiachris [80]

Vriend [91]

Zanettini [92]

100 patients free from
coronary artery disease
(aged 56 £ 9 years, 72%
male)

99 never-treated
hypertensive patients (61%
male)

144 consecutive post-
coarctectomy

Patients (63% male)

75 patients with normal
clinic blood pressure

No exclusion

NR (ambulatory BP
>135/85 mmHgQ)

NR

NR

Submaximal intensity
during treadmill test

Maximal intensity
during a treadmill test

Maximal intensity
during treadmill test

Maximal intensity
during treadmill test

Associated

Associated.

NR

Associated

Associated

NR

Associated

Associated

NR, not reported.
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Table 1.3. 24-hour and daytime ambulatory blood pressure (BP) between individuals with a hypertensive response to exercise (HRE) compared to

those without an HRE.

Study (First
Author)

Herkenhoff
[65]
Tzemos [68]

Kasiakogias
[82]

Bratberg [71]
Lima [67]

Tsiachris [80]

Tsioufis [93]

Vriend [91]

NR, not reported

8T

Population
General characteristics

20 men aged 35-50 years old

11 apparently healthy individuals with
and without an HRE

57 men with and without untreated
obstructive sleep apnoea.

77 subjects with body mass index <27
kg/m? and without known heart disease
30 sedentary subjects (42 + 4 years old)

63 never-treated hypertensive patients
without an HRE and 36 never-treated
hypertensive patients with an HRE

48 apparently healthy individuals with
an HRE and 123 apparently healthy
individuals without an HRE

144 consecutive post-coarctectomy
patients

Inclusion
based on
clinic (resting)
BP

Normal

Hypertensive

Hypertensive
NR
High-normal

Hypertensive

Hypertensive

Normal

Exercise testing
method when BP was
measured

Maximal intensity
during a cycling test
Submaximal intensity
directly post-Dundee
step test

Maximal intensity
during a treadmill test
Maximal intensity
during a treadmill test
Maximal intensity
during a cycling test
Maximal intensity
during a treadmill test

Maximal intensity
during a treadmill test

Maximal intensity
during treadmill test

HRE threshold
(systolic BP;
mmHg)

>220

> 200

>200
> 200
>220

> 210 for men

> 190 for women

>210

> 200

24-hour
ambulatory
BP

No
difference
NR

No
difference
Higher
Higher

Higher.

Higher

NR

Daytime
ambulatory
BP

NR

No
difference

NR
NR
NR

NR

NR

Higher
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Table 1.4. Observational studies investigating the concordance between manual and automated measurement of blood pressure taken during an
exercise test.

Study (first Study Exercise Automated device used  Exercise stage / Korotkoff Exercise BP measured with an
author) population testing intensity when BP was sound used  automated device compared to
methodology measured to measure  manual auscultation
BP

Cameron Five healthy Supine Tango exercise BP NR SBP - K1 1 SBP
[87] adults cycling monitor DBP - K5 < DBP
Garcia- 277 healthy Bruce BP measuring system Stages1-4 SBP - K1 1 SBP
Gregory [94] males Treadmill DBP - K5 | DBP
MacRae [95] 19 healthy Bruce CardioDyne NBP 2000 Stages1-4 NR < SBP

normotensive Treadmill < DBP

subjects
Bond [96] 18 healthy men  Incremental  Colin STBP-680 40%, 70% and peak of SBP - K1 < SBP

cycling VO, DBP - K5 1 DBP (at 70% and peak VO>)
< DBP (at 40% VO,)

Modesti [86] 34 normotensive Modified NR Stages1-4 SBP - K1 < SBP

and 16 Bruce DBP - K5 | DBP

hypertensive Treadmill

adults
Lightfoot 11 healthy Incremental ~ Small condenser 25%, 50%, 75% 100% SBP - K1 T SBP
[97] subjects cycling microphone mounted to  age-predicted DBP - K4 1 DBP

a Sony TCD5M maximal heart rate

cassette tape recorder

Diastolic blood pressure, DBP; NR, not reported; systolic blood pressure, SBP; VO., oxygen consumption. 1, higher BP measured with an automated
device compared to manual auscultation; |, lower BP measured with an automated device compared to manual auscultation; <, similar BP measured
with an automated device compared to manual auscultation

67T
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1.6.2 Associations between exercise blood pressure and modifiable neural-related

cardiovascular risk factors.

Autonomic nervous system activity and feedback may influence the BP response
during exercise. Indeed, Tanindi et al.[104] found that apparently healthy individuals
with elevated low and high frequency power content ratio (an indirect indicator of low
sympathetic withdrawal) had higher submaximal exercise systolic BP compared to
those with a low power content ratio. Eryonucu et al.[105] also found that individuals
with an HRE had a higher low and high frequency ratio at rest compared to those
without an HRE. In contrast, Weston et al.[106] found that the low and high frequency
power content ratio at rest was similar among those with type 2 diabetes mellitus with
or without an HRE. However, Weston et al.[106] did find that post-exercise heart rate
variability was higher among those with an HRE compared to those without an HRE
and that post-exercise total spectral power (a parameter in the heart rate variability
domain), cardiac autonomic neuropathy (determined from a battery of seven
autonomic function tests) were associated with maximal systolic BP independent
resting BP. Sharman et al.[107] has found that resting carotid baroreceptor sensitivity
was higher among those with an HRE during submaximal intensities compared to
those without an HRE. Moreover, Sharman et al.[107] found that low baroreceptor
sensitivity was associated with an HRE among those with normal resting BP after
adjustment for other CV risk factors (odds ratio [95% CI]: 1.16 [1.01, 1.33]). Therefore,
elevated autonomic activity and inappropriate sensory feedback could underpin an
HRE and contribute to the development of high BP.

1.6.3 Associations between exercise blood pressure and hormonal-related

modifiable cardiovascular risk factors.
Several studies have investigated whether exercise BP was correlated with different

hormones, and if there is a difference in hormonal profiles between those with and

20


https://www.sciencedirect.com/topics/medicine-and-dentistry/cardiac-autonomic-neuropathy

Review of Literature.

without an HRE. resting cortisol and plasma-renin activity has been reported to be
higher in those with an HRE at 150 Watts compared to those without an HRE [108].
Submaximal exercise BP has also been associated with the log of plasma aldosterone
to renin activity ratio independent of age and sex among individuals with untreated
hypertension (r = 0.24, p<0.001) [109]. In contrast, no difference in plasma renin
activities or aldosterone was found between those with and without an HRE at peak
intensities [79]. However, Shim et al.[79] found the level of angiotensin Il to be higher
among those with an HRE compared to those without an HRE. Overall, the over
excretion of different hormones related to the renin-angiotensin-aldosterone system
may contribute to an HRE.

1.6.4 Associations between exercise blood pressure and vascular-related modifiable

cardiovascular risk factors.

Vascular-related factors that may influence the BP response to exercise can be broadly
grouped into biological categories, such as arterial structure and function, metabolic,
lipid, inflammatory and kidney function. It may also be possible that an HRE can

contribute to the change in different modifiable CVD risk factors.

Large artery (aortic) stiffness is an independent risk factor of CVD mortality [110]. An
increase in aortic stiffness may also dampen the ability of the aorta to buffer the
exercise-induced elevation in cardiac output and cause a higher than normal BP
response to exercise [111]. Indeed, exercise BP (during any intensity) is cross-
sectionally associated with aortic stiffness (that ranges in the strength of association
from Pearson’s r = 0.25 to 0.64) in individuals with normal and high clinic BP
[70,80,93,112]. Healthy individuals with an HRE can also have higher aortic stiffness
compared to those without an HRE, even when resting BP is normal or high [112,113].
However, no difference in aortic stiffness was found by Currie et al.[77] in athletes

with and without an HRE during peak intensities.
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While data is sparse, different characteristics of the peripheral arteries may also
influence the BP response to exercise. Firstly, individuals with an HRE during
submaximal intensities have higher carotid stiffness than those without an HRE [107].
Submaximal exercise BP has also been associated with brachial-ankle pulse wave
velocity and flow-mediated vasodilation, independently of age, sex, and other
traditional CVD risk factors [114,115]. Individuals with an HRE during maximal
intensities are also at higher risk of carotid atherosclerosis independent of age, resting
BP and other traditional CVD risk factors (odds ratio: 2.02 [1.33, 3.05]) [116]. Flow-
mediated vasodilation is also lower among healthy individuals with an HRE during

maximal intensities and normal clinic BP than those without an HRE [117,118].

Several metabolic-related CVD risk factors (including fasting glucose, insulin, HbAlc
and homeostatic model assessment of insulin resistance [HOMA-IR]) may influence
the BP response to exercise. Indeed, metabolic-related CVD risk factors have appeared
higher in individuals with an HRE than those without an HRE [45,80,119-121], but
not in all studies [71,122,123]. Three of these previous studies include >1500
individuals [45,116,119], while other studies have small and select population groups,
which may partly account for the variance in results. The methods used during the
exercise test (i.e. modality and intensity when BP is measured) also vary between
studies. Taken all together, whether metabolic-related CVD risk factors do influence

the clinical interpretation of exercise BP remains to be determined.

In several studies, exercise BP has been associated with elevated total cholesterol and
triglycerides [43,112,124], but not necessarily in all studies [125]. Total and low-
density lipoprotein cholesterol and triglycerides also appear higher, while high-density
lipoprotein cholesterol is lower among individuals with an HRE (with either normal

or high clinic BP) compared to those without an HRE in several studies
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[78,119,126,127], but not all studies [45,71,128]. The variation in population sample
and health status and exercise testing methods used in previous studies to measure BP
may influence the clinical interpretation of exercise BP and its association with lipid-
related CVD risk factors. Thus, it is uncertain whether exercise BP is associated with

lipid-related CVD risk factors.

Several cross-sectional studies have investigated the association between exercise BP
and several different inflammation-related CVD risk factors. White blood cell count
and c-reactive protein appear higher in those with an HRE during peak intensities than
those without an HRE [78,119,120], but the difference in c-reactive protein is not
always apparent [123]. Whilst two cross-sectional studies have found no association
between exercise BP and c-reactive protein [78,123]. Nikolic et al. [112] found that
those with an HRE during submaximal intensities had higher levels of von Willebrand
factor (a haemostatic marker of endothelial damage) than those without an HRE.
Albumin-creatinine ratio (an indicator of lower kidney function) also appears lower
among individuals with an HRE and normal clinic BP compared to those without an
HRE in several studies [113,126]. Different studies have also reported that urine
creatinine is higher [113], lower [126], and similar in those with an HRE compared to

no HRE [45,74,80].

Overall, this previous work highlights that the exact nature of the relationship between
exercise BP and several modifiable CVD risk factors remains unclear and should be
fully elucidated. Chapter 4 of this thesis aims to determine whether exercise BP is
associated with different CVD risk factors and whether CVD risk factors are higher in
individuals with an HRE than those without an HRE via a systematic review meta-

analysis.
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1.6.5 Associations between exercise blood pressure and body composition.

The global prevalence of obesity among adults has tripled since 1975 [129]. There are
several methods for the assessment of obesity, of which one standard measure is the
calculation of body mass index. Body mass index is associated with high BP and other
CVD risk factors [130]. Exercise BP (during any intensity) also shares an association
with body mass index [131-133]. This relationship between exercise BP and body

mass index could also be a ‘U-shaped’ [131].

Though body mass index is associated with total body fatness [134], it can also be a
poor indicator of body fatness in some populations (particularly in athletes) [135,136].
This limitation of body mass index may be overcome with the additional measurement
of various body circumferences or skinfolds, which can be used to estimate patterns
and distributions of body fatness. Several studies report that exercise BP (at any
intensity) is associated with waist circumference and body fat percentage
[131,132,137]. Moreover, Hout et al. [138] found waist circumference was a stronger
correlate of submaximal exercise BP than body mass index. In contrast, body fat
percentage was not associated with submaximal exercise BP after adjusting for body
mass index [132]. A decrease in exercise BP (during any intensity) has also associated
with a reduction in waist circumference and body fat percentage following lifestyle
modification or surgical interventions [139,140]. The prevalence of an HRE during
maximal intensities was shown to decrease by 23% six months following bariatric
surgery among 60 severely obese individuals [141]. The factors and mechanisms that
relate to obesity-related high BP, e.g. insulin resistance, and activity of the renin-
angiotensin-aldosterone system and sympathetic nervous system may likely be
involved in the decrease in exercise BP following surgery, but this still has not been
fully described within the current literature. While data is limited, exercise BP is also
associated with lean body mass [83,131]. Submaximal exercise BP is negatively
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associated with lean body mass [131], which is also positively correlated with maximal
exercise BP [83]. The difference in association between exercise BP and lean body

mass could be because of the presence or absence of other CVD risk factors.

1.6.6 Associations between exercise blood pressure and cardiorespiratory fitness.
High cardiorespiratory fitness is an independent predictor of lower risk for CVD events
and mortality [142,143]. Cardiorespiratory fitness may also influence the BP response
to exercise. Indeed, several studies have reported that submaximal exercise BP is
negatively associated with cardiorespiratory fitness [46,132,144,145]. Improved
cardiorespiratory fitness following an aerobic exercise intervention is also associated
with a decrease in submaximal exercise BP [139]. However, an improvement in
cardiorespiratory fitness may also lead to superior workloads during maximal
intensities by generating a greater cardiac output, which could lead to a higher exercise
BP response [27,146]. This physiological response due to improved cardiorespiratory
fitness may be why athletes can have an HRE during maximal intensities in the absence
of other CVD risk factors and organ damage [27,77]. Despite these findings, the
physiological and pathological mechanisms that underlie the high BP response during
maximal exercise intensities among athletic populations continues to be debated
within the literature [147].

1.6.7 Pathways of associations between exercise blood pressure and different

cardiovascular risk factors.

In sections 1.6.1 to 1.6.4, several non-modifiable and modifiable CVD risk factors
were highlighted to influence the exercise BP response and its clinical interpretation.
Whilst this previous research has shown that exercise BP is associated with different
CVD risk factors, it cannot account for how CVD risk factors can ‘cluster’ with one
another [148,149]. Therefore, different CVD risk factors may influence exercise BP

via various pathways of association. For example, one CVD risk factor may share a
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relationship with exercise BP independently of other factors (termed a direct
association) and have a correlation via another factor (termed an indirect association).
These various pathways of association between exercise BP and different CVD risk
factors have never been explored. Chapter 5 of this thesis aims to quantify the direct
and indirect associations between CVD risk factors and exercise BP, whilst also

determining what CVD risk factor/s most-strongly relate to exercise BP.

1.6.8 Potential mechanisms that underlie the association between the blood
pressure response to exercise, different cardiovascular risk factors and high

blood pressure.

Sections 1.6.1 to 1.6.7 highlighted that several non-modifiable and modifiable CVD
risk factors may be associated with the BP response to dynamic exercise. From the
perspective of the autonomic nervous system, sympathetic nervous activity is normally
stimulated at the onset of exercise to increase cardiac output and vasoconstriction [26].
An overactive sympathetic nervous system may contribute to an HRE through the
excretion of different hormones related to the renin-angiotensin-aldosterone system
(as highlighted in section 1.6.4) or an increase in vascular (aortic) stiffness (as
highlighted in section 1.6.5). This abnormal (overactive) neurohormonal activity could
partly be due to inappropriate feedback from the baroreceptors, mechanoreceptors and
chemoreceptors to regulate BP [49]. Baroreceptor sensitivity is depressed among
obese individuals compared to those with less total and abdominal fat [150], and may
underlie the association between exercise BP, body mass index and waist-to-hip ratio
(as highlighted in section 1.6.5). An increase in metabolic- and lipid-related CVD risk
factors can accompany characteristics of obesity [150], and also underlie the
association between exercise BP and body composition. Metabolic- and lipid-related
CVD risk factors may damage the arterial wall [151,152], which could further depress

baroreceptor sensitivity and increase sympathetic nervous activity and level of
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inflammation. The different neurohormonal- and vascular-related mechanisms that
may underlie the association between exercise BP and different CVD risk factors could
also contribute to the development of high BP-related CVD risk. The potential
mechanisms that underlie an HRE among athletes may be different to those

aforementioned and were discussed in Section 1.6.6.

1.7 INTERVENTIONS ON EXERCISE BLOOD PRESSURE

Clinic and ambulatory BP decrease following lifestyle modification, pharmacotherapy
and surgery [153-157]. Therefore, these same interventions may also lower the BP
response to exercise. The current evidence on the effect of surgical interventions on

exercise BP has already been discussed in section 1.6.3.

1.7.1 The effect of lifestyle-based interventions on exercise blood pressure.

Lifestyle modification, such as diet and exercise, is the first level of treatment to
improve BP-related CVD risk [16]. One study including 11 overweight and obese
individuals has reported submaximal and maximal exercise BP decrease after diet
counselling over a median of 20 weeks (95% confidence interval: 16-30 weeks) [158].
Similarly, submaximal exercise BP decreased by 5-19 mmHg following four months
of aerobic exercise [159,160]. A combined aerobic and resistance exercise intervention
performed over six months also led to a decrease in submaximal exercise BP by
ImmHg for every 1cm decrease in waist circumference or 1ml/kg/min increase in

cardiorespiratory fitness [139].

The effect of lifestyle modification on maximal exercise BP has varied [159,161]. One
study reported a decrease of 19 mmHg following a 16-week intervention [159], while
no change was found following a one-year intervention in individuals with type 2
diabetes mellitus [161]. These two interventions vary by length (e.g. 12 weeks to 6

months) and type (e.g. aerobic exercise with or without resistance training), and are
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therefore difficult to compare. However, exercise training can improve
cardiorespiratory fitness and increase the maximal workload reached [162], which
could lead to a higher exercise BP and influence the effect of lifestyle modification.
Overall, exercise BP appears to decrease following lifestyle modification, but those

with type 2 diabetes mellitus may need alternative interventions.

1.7.2  The effect of pharmacological interventions on exercise blood pressure.

Several studies have investigated if antihypertensive medication can decrease exercise
BP. Two observational studies report submaximal and maximal exercise BP appears
lower in individuals prescribed with a beta-blocker (as a mono- or combined therapy)
than in those taking other antihypertensive medications [163,164]. Beta-blockers can
decrease sympathetic nervous activity and reduce heart rate, which may contribute to
resting and exercise BP being lower among those prescribed with beta-blockers
compared to those taking other antihypertensive medications [163,164]. Peak
workload reached (an indicator of cardiorespiratory fitness) being lower to those
prescribed with other medications may also influence maximal exercise BP,
potentially because a lower cardiac output is being generated during exercise. Exercise
BP at submaximal intensities and fixed workload being lower among those prescribed
with beta-blockers may indicate to an improvement in cardiac output or peripheral
vascular resistance because of the decrease in sympathetic nervous activity [163].
Pharmacotherapy interventions can decrease submaximal and maximal exercise BP by
12-43mmHg and 5-44mmHg (respectively) in individuals with established disease (i.e.,
hypertension, metabolic syndrome or heart failure) [165-171]. The variable decrease
in exercise BP following pharmacological intervention between studies may be due to
the different effects of antihypertension medication to reduce cardiac output or inhibit
vasoconstriction. The variation in dosage and duration of the medication may also

contribute to the variable change in exercise BP. However, one study found no change
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in submaximal exercise BP among individuals with hypertension following three-
week treatment with lisinopril 40mg/d [172], which could be because of the low
duration of the intervention. No change in maximal exercise BP was also found after
six months of treatment with spironolactone 20mg/d in 101 individuals with preserved
ejection heart failure [173]. The effect of spironolactone may unload pressure on the
heart by improving aortic stiffness [165,174], left ventricular systolic strain and left
ventricular diastolic volume [175-177], which are all factors that may improve
cardiorespiratory fitness [165,176,177]. Whether the treatment effects of
spironolactone on cardiorespiratory fitness may influence the effect on exercise BP is
unknown. Chapter 6 of this thesis aims to further investigate the effect of

spironolactone on exercise BP.

1.8 SUMMARY

An abnormal BP response to exercise, such as an HRE, is likely indicative of high BP-
related CVD risk missed under resting conditions [9-11,69]. However, questions still
remain around the clinical understanding of exercise BP, which include understanding
(1) the relationship between exercise BP and different CVD risk factors and (2)
methodological factors that relate to how BP is measured during an exercise test.
Addressing these questions would improve the understanding of exercise BP and the

factors that may influence the BP response and CVD risk.
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Comparison of manual and automated auscultatory blood pressure during graded
exercise among people with type 2 diabetes.

2 COMPARISON OF MANUAL AND AUTOMATED
AUSCULTATORY BLOOD PRESSURE DURING GRADED
EXERCISE AMONG PEOPLE WITH TYPE 2 DIABETES.

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

the Journal of Clinical Hypertension.

Moore MN, Picone DS, Callisaya ML, Srikanth V, Sharman JE, Schultz MG.

Comparison of manual and automated auscultatory blood pressure during graded

exercise among people with type 2 diabetes. J Clin Hypertens 2019; 21:1872-1878.

Link to online article: https://pubmed.ncbi.nlm.nih.gov/31638321/

Note: Use of the term ‘exercise hypertension’ in this chapter is synonymous with an

HRE.
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Comparison of manual and automated auscultatory blood pressure during graded
exercise among people with type 2 diabetes.

2.1 ABSTRACT

Manual measurement of blood pressure (BP) during exercise testing is the
recommended standard. Automated measurement of BP is an alternative method used
during clinical exercise testing, but there is little data comparing manual and
automated BP in this setting. The aim of this study was to determine the concordance
between manual and automated BP during a standard clinical treadmill exercise test.
41-participants (66+5 years; 54% male) completed a Bruce treadmill exercise test at
baseline or follow-up within a clinical trial of participants with type 2 diabetes mellitus.
Manual and automated BP were measured simultaneously at each exercise test stage.
Manual BP was measured by a technician blinded to automated BP values (Tango+,
Suntech). Concordance between manual and automated BP was assessed using mean
differences and intraclass-correlations (ICC). Concordance between manual and
automated BP across all exercise stages was excellent for systolic BP (overall mean
difference: 3 £ 11 mmHg, p = 0.598; ICC = 0.964 [95% CI 0.942-0.977] and pulse
pressure (overall mean difference: 2 + 14 mmHg, p = 0.595; ICC = 0.934 [95% ClI
0.899-0.956]). Concordance between manual and automated diastolic BP across all
exercise stages was moderate-to-good (overall mean difference: 1 £ 9 mmHg, p =
0.905; ICC = 0.784 [95% CI 0.672-0.858]). Automated BP using the Tango+ device
is concordant with manual BP during early stages of a standard clinical exercise test.
Thus, this automated method may be a suitable alternative to manual measurement of

BP during clinical exercise testing.
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2.2 INTRODUCTION

Clinical exercise testing is routinely indicated for the detection of coronary artery
disease or to evaluate aerobic and functional exercise capacity [14,178]. International
exercise testing guidelines recommend the monitoring of blood pressure (BP) during
testing since abnormal exercise BP responses (e.g. exercise hypertension and
hypotension) may indicate increased CVD risk and are used as clinical indications for
terminating testing [6-8,35,36,179,180]. While manual measurement of BP is the
recommended standard during exercise testing [8], automated BP measurement is an
alternative method routinely undertaken in clinical settings [7,8,179]. Despite this,
there is a scarcity of data to indicate the relative concordance between manual and
automated exercise BP in populations who would typically undertake clinical exercise
testing (e.g. those at increased CVD risk, such as individuals with type 2 diabetes
mellitus). Assessing the concordance between manual and automated exercise BP is
of importance since substantial differences between measurement methods could
affect the ability to detect abnormal exercise BP responses. The aim of this study was
to determine the concordance between manual and automated exercise BP during

standard clinical exercise testing in a clinical population.

2.3 METHODS
Participants. Data for this study were drawn from an exercise-based clinical trial of

participants with type 2 diabetes mellitus (http://www.anzctr.org.au; clinical trial ID:

12614000222640), the details of which have been previously reported [181].
Participants were included in the clinical trial if they had diagnosed type 2 diabetes
mellitus as defined within the American Diabetes Association guidelines [182], were
aged between 50-75 years, and willing to participate in a 6-month structured exercise

program. Individuals with severe cardiovascular, orthopaedic or respiratory conditions
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and contraindications to exercise (according to the American College of Sports
Medicine guidelines)[179] were excluded. Individuals were further excluded if they
had contraindications for magnetic resonance imaging, known dementia or central
nervous system disorders (e.g. intracranial tumour, multiple sclerosis, Parkinson’s
disease) or if they were participating in >30 mins/week of structured exercise. A total
of 68 exercise tests with simultaneously measured manual and automated BP were
available for analysis at either baseline (n=37) or follow-up (n=31) from 45
participants. Participants who had an arm circumference outside the range of 27 to
40cm (which was required for the cuff of the automated BP device) were excluded
(n=4), leaving a total of 41 participants included in this analysis that completed 60
exercise tests (n=33 at baseline and n=27 at follow-up). An exercise test with
simultaneously measured manual and automated BP was completed on 14 participants
at baseline, 8 participants at follow-up and 19 participants at both baseline and follow-
up. The repeat measurement of manual and automated exercise BP at follow-up were
excluded from this analysis for the 19 participants with measurement of BP taken
baseline and follow-up. All participants provided written informed consent, and ethics
approval was received from the Human Ethics Committee Tasmania Network

(H0013664).

Protocol. Participants attended the Menzies Institute for Medical Research clinic in a
fasted state, having been asked to avoid smoking and caffeine within three hours of
attendance. Participants had fasting blood taken, completed a medical assessment and
questionnaire (including medical history) and had standardised anthropometry
measured. Clinic BP was measured, and a graded exercise test was completed. Manual
and automated auscultatory BP was measured simultaneously pre-exercise and at each

stage of the exercise test.
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Exercise test. All participants completed a standard Bruce treadmill exercise testing
protocol [178]. The initial exercise stage (exercise stage 1) involved walking on the
treadmill at a speed of 2.7 km/hr with a 10% gradient. After three minutes, treadmill
speed and gradient were increased with further increments every three minutes
thereafter until the test was terminated. Criteria for termination were either upon
volitional fatigue or when 85% of age-predicted maximal heart rate ((220 — age)/0.85)
was attained, or if any medical indications arose, or upon participant request. Oxygen
consumption was measured using breath-by-breath gas-analysis (MasterScreen CPX,
Vyaire Medical) during the exercise test. Peak oxygen capacity (VOzpeak) Was defined

as the oxygen consumption achieved when the exercise test was terminated.

Exercise BP. The reference manual BP device used in this study was a digital-display
manual auscultatory sphygmomanometer (UM-101, A&D instruments, SA, Australia),
which has been validated according to international standards [183,184]. The manual
BP device was attached to the cuff of an automated device (Tango+, SunTech Medical
Instruments, NC, USA) by a t-connection in order to record simultaneous manual and
automated auscultatory BP. The automated cuff was positioned with the microphone
within the cuff placed over the left brachial artery before beginning the exercise test.
A trained technician read the BP values from the auscultatory sphygmomanometer
while placing a stethoscope over the brachial artery next to the microphone within the
automated device cuff. The technician was blinded from all BP values recorded by the
automated device, which operated with an automated deflation rate of 3-8
mmHg/second. This process is illustrated in Appendix Figure 2.1. For all manual BP
measurements, the 1%t Korotkoff sound was taken as the systolic BP, while the 5%
Korotkoff sound was taken as the diastolic BP. The automated method also measured
BP by detection of Korotkoff sounds. A single simultaneous manual and automated

BP measure was taken as participants stood on the treadmill before the exercise test
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(pre-exercise) and at the second minute of each exercise stage (exercise stage 1 and 2).
All BP measurements were taken with the participant's arm supported on the shoulder
of the technician and according to recommendations [7]. Pulse pressure was calculated
as the difference between systolic and diastolic BP. Concordance between manual and
automated BP was assessed at pre-exercise, at each exercise stage and as the delta BP

(change from pre-exercise to each exercise stage).

Clinic BP. Clinic BP was measured using an automated device (Mobil-o-graph, IEM,
GmbH) in a seated position according to guidelines [180]. Eight BP measures were
taken over 15 minutes. The technician left the room after initiating the automated BP
device and all eight BP measures were completed with the participant unobserved. The

average of all eight BP measurements formed the clinic BP reported in Table 1.

Statistical analysis. Data were analysed using SPSS software version 24 for Windows
(Chicago, Illinois). Variable distributions were assessed using Shapiro-Wilk tests for
normality. Agreement and variability between manual and automated BP were
assessed using a combination of methods. Independent and single sample t-tests were
used to compare the mean difference between manual and automated BP for normally
distributed data, and non-normally distributed variables were assessed using Mann-
Whitney U-tests. Bland-Altman plots were constructed to visualise the level of
variability and bias between measures [185]. Average measures intra-class
correlations (ICC; two-way mixed with absolute agreement) were calculated to assess
the level of concordance between manual and automated BP with level of agreement
assessed from the 95% confidence intervals of the ICC according to Koo and Li [186],
(<0.50 poor agreement, 0.50-0.75 moderate agreement, 0.75-0.90 good agreement,
and >0.90 excellent agreement). Pearson correlations were also calculated to assess

the relationship between measures and to determine any trends for systematic bias
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within Bland-Altman and linear correlation plots. The percentage of readings in which
the difference between manual and automated BP was <5, <10 and <15 mmHg was
also calculated as per international standards for the accuracy validation of automated
BP monitors [187]. Logistic regression models were used to calculate the specificity
and sensitivity of automated systolic BP to classify exercise hypertension defined by
manual systolic BP according to two systolic BP cut points (=150 mmHg and >175

mmHg) that have been associated with increased CVD risk [10,46,69,188].

2.4 RESULTS

Clinical characteristics. Table 2.1 includes a summary of participant characteristics.
The study population were on average of middle-to-older age, predominately male
with raised body mass index and waist-to-hip ratio, and low exercise capacity (based
on VOzpeak achieved). Most participants self-reported a diagnosis of hypertension and
were currently taking antihypertensive medication, but on average had controlled BP
(clinic BP <140/90 mmHg). Most participants also self-reported having high
cholesterol, while few participants reported having a previous myocardial infarction

or being treated with insulin therapy.
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Table 2.1. Clinical characteristics of study participants (n = 41)

Variable

Age (years)

Sex (n, % male)

Height (cm)

Weight (kg)

Body mass index (kg/m?)

Waist circumference (cm)

Hip circumference (cm)

Waist-to-hip ratio

Clinic systolic / diastolic blood pressure (mmHg)
Arm circumference (cm)

Insulin (mg/L)

Fasting blood glucose (mmol/L; n = 37)
HbAlc (%; n=39)

Maximal oxygen capacity (VOzpeak; ml/kg/min)
Type 2 diabetes mellitus history (year, n = 39)
Self-reported Hypertension (n, %; n = 40)
Self-reported High cholesterol (n, %; n = 40)
Past myocardial infarction (n, %; n = 40)
Insulin therapy (n, %; n = 39)

Anti-hypertensive medication use (n, %; n = 40)

66 +5
22 (53.7)
167.1+7.9
85+ 13.3
304 £3.8
105.0+9.8
106.5 + 10.1
1.0+ 0.08
122+12/77+9
34.0+3.2
22.8+27.1
8.0+27
6.8+ 1.1
223+4.9
12.3+6.8
28 (70.0)
26 (65)
2 (5.0)
7 (18.0)

33 (82.5)

Data presented as mean + standard deviation for continuous variables or number

(%) for categorical variables
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Comparison of manual and automated BP. A total of 90 manual and automated BP
comparisons were available for analysis across all exercise stages, including 40 at pre-
exercise, 33 at exercise stage 1, 17 at exercise stage 2. Manual and automated BP
comparisons available above exercise stage 2 were excluded from analysis due to low
sample sizes (n = 1 to 5). Appendix Figure 2.2 provides the reasons underlying the

decreasing numbers of comparisons available with each exercise test stage.

Manual and automated systolic BP had a small mean difference and moderate-to-
excellent agreement based on the 95% confidence intervals of the ICC during pre-
exercise, exercise stage 1 and exercise stage 2. (Table 2.2). Manual and automated
diastolic BP had a small mean difference during all exercise test stages. Based on the
95% confidence intervals of the ICC, there was good-to-excellent agreement during
pre-exercise, poor-to-good agreement during exercise stage 1 and 2 (Table 2.2).
Manual and automated pulse pressure had a small mean difference during all exercise
test stages, with moderate-to-excellent agreement based on the 95% confidence
intervals of the ICC during pre-exercise, exercise stage 1 and 2 (Table 2.2). Figure 2.1
presents the comparison between manual and automated systolic BP, diastolic BP and
pulse pressure with each exercise stage using Bland-Altman and linear correlation
plots. When combined across all exercise stages, manual and automated systolic BP
and pulse pressure had small mean differences and excellent agreement based on the
95% confidence intervals of the ICC (Table 2.2, Figure 2.1A, 2.1B, 2.1E and 2.1F).
Manual and automated diastolic BP had a small mean difference and moderate-to-good
agreement (based on the 95% confidence intervals of the ICC) across all exercise
stages combined (pre-exercise to exercise stage 2; Table 2.2, Figure 2.1C and 2.1D).
Across all exercise stages combined there was some evidence of systematic bias with
automated diastolic BP (Pearson r =0.451, p <0.001; Table 2.2, Figure 2.1C) measures

underestimating manual measures at low BP values, and overestimating at high BP
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values. There was no evidence of systematic bias with systolic BP (Pearson r = 0.114,
p =0.286; Figure 2.1A) and pulse pressure (Pearson r =-0.035, p = 0.745; Figure 2.1E)
across all exercise stages combined. Results were consistent when pre-exercise
comparisons were excluded (i.e. exercise stages 1 to 2 only; Table 2.2), except there
was evidence of systematic bias between manual and automated systolic BP (Pearson
r=0.309, p = 0.029) for underestimating manual BP at low values and overestimating

at high BP values.

The mean difference between manual and automated delta systolic BP was small with
moderate-to-excellent agreement based on the 95% confidence intervals of the ICC
from pre-exercise to exercise stage 1. (Appendix Table 2.1). The mean difference
between manual and automated delta diastolic BP was small with poor-to-good
agreement from pre-exercise to exercise stage 1, with poor-to-excellent agreement and
from pre-exercise to exercise stage 2. The mean difference between manual and
automated delta pulse pressure was small with poor-to-good agreement from pre-
exercise to exercise stage 1 and-poor-to-excellent agreement from pre-exercise to

exercise stage 2.

The percentage of manual and automated systolic BP comparisons with mean
differences <5 mmHg, <10 mmHg and <15 mmHg decreased with each exercise stage
(Appendix Table 2.2). The percentage of manual and automated diastolic BP
comparisons with mean differences <5 mmHg were similar across each exercise stage,
while manual and automated diastolic BP comparisons with a mean difference <10
mmHg and <15 mmHg decreased with each exercise stage (Appendix Table 2.2). The
percentage of manual and automated pulse pressure comparisons with mean

differences <5 mmHg, <10 mmHg, and <15 mmHg decreased from pre-exercise to
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exercise stage 1 and persisted from exercise stage 1 to exercise stage 2 (Appendix

Table 2.2).

Automated systolic BP had 97.7% sensitivity and 50.0% specificity for classifying
exercise hypertension across exercise stages 1 and 2 defined by manual systolic BP as
exercise systolic BP >150 mmHg, and 80.8% sensitivity and 75.0% specificity when

defined as exercise systolic BP >175 mmHg.
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Table 2.2. Comparison between manual and automated auscultatory blood pressure at pre-exercise and different stages of a Bruce treadmill exercise

test.
Pre-exercise Exercise Stage 1 Exercise Stage 2 All Stages’ Exercise Stages
only?

Comparisons n=40 n=33 n=17 n=90 n=50
Systolic blood pressure (mmHg)
Automated 136 + 15 175+ 20 190 + 30 160 + 30 180 + 25
Manual 133+ 16 171 +18 187 + 23 157 + 29 177+ 21
Mean difference 3+8° 4+12 2114 3+11° 3+12
ICC (95% confidence 0.920 (0.831- 0.882 (0.760- i * i * 0.915 (0.853-
intervals) 0.960)* 0.942)* 0.933 (0.817-0.976) 0.964 (0.941-0.977) 0.953)*
Diastolic blood pressure (mmHg)
Automated 72+ 10 73+13 77+15 74 +£13 75+ 14
Manual 73+9 73+8 72+10 73+9 72+9
Mean difference 117 1+10° 6+11° 1+£9° 2+10°
ICC (95% confidence 0.848 (0.714- 0.743 (0.478- i * i * 0.751 (0.563-
intervals) 0.919)* 0.873)* 0.774 (0.329-0.919) 0.784 (0.672-0.858) 0.858)*
Pulse pressure (mmHg)
Automated 64 + 16 101 + 17 113 + 26 87 +28 105+ 21
Manual 59+ 14 98 + 18 115+ 20 85+ 29 104 + 20
Mean difference 4+11° 3+15 -4+ 17 2+ 14 1+16°
ICC (95% confidence 0.827 (0.650- 0.768 (0.536- ) * i x 0.826 (0.692-
intervals) 0.911)* 0.885)* 0.845 (0.580-0.943) 0.934 (0.899-0.956) 0.901)*

Data represent mean + standard deviation, unless specified. Mean difference corresponds to automated blood pressure minus manual blood pressure.
T pre-exercise to exercise stage 2. * exercise stage 1 to stage 2 only (excluding pre-exercise). °comparison assessed using Mann-Whitney U test. ICC,

intra-class correlation. *p < 0.001, **p < 0.05.
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Figure 2.1. Comparison between manual and automated auscultatory blood pressure
(BP) at different stages of a Bruce treadmill exercise test (n=90). Bland-Altman
analyses comparing the agreement and variability between manual and automated
systolic BP (A), diastolic BP (C), and pulse pressure (E), along with correlations
between manual and automated systolic BP(B), diastolic BP(D), and pulse pressure(F).
The solid line is the line of identity, and the broken line is the linear trend line across
all exercise stages (pre-exercise to exercise stage 2).
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2.5 DiscussION

The principle finding of this study was that automated BP measured with the Tango+
device was largely concordant with manual BP during early stages of a clinical
treadmill exercise test involving a population of middle-to-older-aged people with type
2 diabetes mellitus. Results also indicated little difference in the ability of automated
BP to appropriately classify exercise hypertension compared with manual auscultation.
Overall, these results suggest that automated measurement of BP with the Tango+ BP

device is appropriate to use during clinical exercise testing.

Six previous studies have explored the concordance between manual and automated
measurement of BP during exercise [86,87,94,95,97,189]. Cameron et al. [87] found
automated BP to be concordant with manual BP in five healthy adults during supine
cycling, utilising the same automated BP device (Tango+) used in the current study.
Our results are consistent with this, despite differences in the population and exercise
protocol. Other studies have also indicated automated exercise BP (measured with a
variety of devices) to be relatively concordant with manual BP during incremental
treadmill exercise testing, especially at low-to-moderate exercise intensities
[86,94,95,97,189]. Nonetheless, these studies have only included small sample sizes
(n =5 to 19 individuals) and ‘healthy’ populations that would not typically undergo
exercise testing within clinical settings [95,97,189]. Other studies, including Gracia-
Gregory et al.[94] also included a ‘healthy’ population but had a larger sample size
(n= 277), while Modesti et al. included 16 participants with hypertension [86]. Our
study extends on these studies in particular, and represents the first study to assess
manual and automated exercise BP concordance in a population with type 2 diabetes
mellitus during the early stages of a widely utilised clinical exercise testing protocol

(Bruce treadmill).
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In clinical practice, BP is often measured by an automated monitor during exercise
testing. However, clinical exercise testing guidelines state a preference for manual BP
measurement [8,179]. This is primarily due to the belief that automated BP devices
may perform erratically during exercise, exacerbated during higher intensity exercise
due to noise and movement artefacts [7,8,179]. Automated BP devices may also be
unreliable during periods of elevated heart and respiratory rates [190]. On the other
hand, accuracy of manual BP measurements may also be affected by noise and
excessive patient movement, impairing technician ability to distinguish Korotkoff
sounds, most notably the 4™ and 5" Korotkoff sounds [86,94,97,189]. However, our
results are consistent with observations from previous studies [86,94], indicating at

least some level of variability that could be attributable to noise and movement artefact.

Assessment of BP during exercise testing is of clinical importance since abnormal
readings are among the criteria for terminating testing on safety grounds [6—
8,35,36,179,180]. Moreover, abnormal exercise BP responses (such as exercise
hypertension) during low-to-moderate exercise intensity can indicate underlying
raisesd BP missed by resting BP [10,69], and increase the risk for the future
development of hypertension [11], cardiovascular morbidity and mortality [9].
Accurate measurement of exercise BP is likely to be of particular importance to
individuals with type 2 diabetes mellitus since they carry a higher prevalence of
exercise hypertension (reported as >50% in some studies) [43,161,191]. Our results
indicate that automated BP has high sensitivity and low specificity for classifying
exercise hypertension defined from manual exercise systolic BP >150 mmHg, with
specificity increasing when exercise hypertension was classified using a threshold of
exercise systolic BP >175 mmHg. This suggests clinicians can have confidence that
the Tango+ device is suitable for identifying individuals with an abnormal BP response

to light-to-moderate intensity exercise. These results also suggest confirmation of
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abnormal exercise BP initially measured by the Tango+ device may not need to be
subsequently confirmed by manual BP, as is the recommendation outlined in exercise

testing guidelines [8,179].

Strengths and limitations. A strength of our study was the simultaneous
measurement of manual and automated exercise BP on the same arm (rather than
contralaterally), which eliminated any potential for inter-arm BP differences. However,
our study population was exclusively those with type 2 diabetes mellitus.
Consequently, our findings cannot be generalised to other clinical populations
including those with cardiac arrhythmias where automated BP devices should be
validated independently [192]. Our results are also limited by the small sample size
and to the early stages of treadmill exercise testing only. However, people with type 2
diabetes mellitus are likely to only achieve exercise stage 1 or 2 due to early onset of
fatigue and generally lower exercise/functional capacity [193,194]. It is possible that
placement of the stethoscope in close proximity to the microphone within the
automated device cuff may have impaired the quality of automated BP recordings, but
the effects of this are unknown. It is also possible that the deflation rate of the
automated BP device (which was set to operate automatically) could have affected the
ability of the technician to accurately hear and record the Korotkoff sounds. However,
the effect of deflation rate on measuring manual exercise BP is also likely minimal
because manual and automated exercise BP was measured simultaneously on the same
arm. Finally, it is worth noting that there is currently no standard procedure for the
validation of BP devices during incremental exercise testing. The protocol followed
for this study was also not in accordance with international standards for the accuracy
validation of BP devices [187], because these standards are set exclusively for resting
conditions. Indeed, the measurement of exercise BP during incremental exercise

testing is more nuanced due to the rapidly changing conditions (i.e. increasing heart
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rate and intensity). While it was therefore not possible to perform repeat measures of
BP, we followed the clinical directive of a single measure in the final minute of each
test stage [8,35]. It is however possible that only having one technician measure

exercise BP could have introduced some degree of bias to the results.

2.6 CONTRIBUTION OF STUDY TO THESIS AIMS

Exercise BP can be measured with manual auscultation or an automated BP device.
Data is scarce on whether the measurement of exercise BP with an automated BP
device is in concordance with manual auscultation, with studies exclusively including
small samples (n < 20) with healthy individuals. This study (Study 1) showed that there
was good concordance between the manual and automated measurement of exercise
BP in 41 individuals with type 2 diabetes mellitus during a standard treadmill exercise
test. There was also little difference in the ability of automated BP to appropriately
classify exercise hypertension compared with manual auscultation. Clinician and
allied health professionals can, therefore, have confidence that automated
measurement of exercise BP with the Tango+ BP device is appropriate for use during

clinical exercise testing.
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3 EXERCISE BLOOD PRESSURE AND CARDIAC
STRUCTURE: A SYSTEMATIC REVIEW AND META-
ANALYSIS OF CROSS-SECTIONAL STUDIES.

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

Journal of Science and Medicine in Sport.
Moore MN, Climie RE, Otahal P, Sharman JE, Schultz MG. Exercise blood pressure
and cardiac structure: A systematic review and meta-analysis of cross-sectional

studies. J Sci Med Sport 2021; 24:925-930.

Link to online article: https://pubmed.ncbi.nlm.nih.gov/33707155/

47


https://pubmed.ncbi.nlm.nih.gov/33707155/

Exercise blood pressure and cardiac structure: A systematic review and meta-
analysis of cross-sectional studies.

3.1 ABSTRACT

Objectives. A hypertensive response to exercise (HRE) is associated with CVD and
high blood pressure (BP). Sub-clinical changes to cardiac structure may underlie these
associations, although this has not been systematically determined. Via systematic
review and meta-analysis, we aimed to 1) assess the relationship between exercise BP
and cardiac structure, and 2) determine if cardiac structure is altered in those with an
HRE, across various study populations (including those with/without high BP at rest).
Design and Methods. Three online databases were searched for cross-sectional
studies reporting exercise BP, HRE and cardiac structural variables. Random-effects
meta-analyses and meta-regressions were used to calculate pooled correlations
between exercise BP and cardiac structure, and pooled mean differences and relative
risk between those with/without an HRE.

Results. Forty-nine studies, (n=23,707 total, aged 44+4 years; 63% male) were
included. Exercise systolic BP was associated with increased left ventricular (LV)
mass, LV mass index, relative wall thickness, posterior wall thickness and
interventricular septal thickness (p<0.05 all). Those with an HRE had higher risk of
LV hypertrophy (relative risk: 2.6 [1.85-3.70]), increased LV mass (47+7g), LV mass
index (7+2g/m?), relative wall thickness (0.02+0.005), posterior wall thickness
(0.78+£0.20mm), interventricular septal thickness (0.78+0.17mm) and left atrial
diameter (2£0.52mm) vs. those without an HRE (p<0.05 all). Results were broadly
similar between studies with different population characteristics.

Conclusions. Exercise systolic BP is associated with cardiac structure, and those with
an HRE show evidence towards adverse remodelling. Results were similar across
different study populations, highlighting the hypertension-related CVD risk associated

with an HRE.
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3.2 INTRODUCTION

Systolic blood pressure (BP) normally rises with increasing exercise intensity [28].
Some individuals may experience an excessive rise in systolic BP during exercise
(termed a hypertensive response to exercise; HRE) and this is associated with incident
hypertension and an elevated risk of cardiovascular events and mortality [9,11].
Several studies also indicate that an HRE can reveal underlying high BP not detected
during standard measurement conditions (at rest) in the clinic [10,69]. It follows that
underlying the associations between exercise systolic BP and hypertension-related
CVD risk is likely the presence of some cardiovascular abnormality such as structural
cardiac disease. Indeed, some studies have shown elevated exercise systolic BP to be
associated with markers of cardiac structure (including raised left ventricular [LV]
mass index and relative wall thickness) [74,75], although others have not shown clear
relationships [43,77]. The disparity in study findings may be due to differences
between studies that have often included small, diverse populations (with or without
diagnosed hypertension) with various exercise testing modalities and protocols. A
pooled analysis of published study data has never been completed and may help to
resolve equivocal findings. Therefore, the aims of this study were to 1) determine if
there was a relationship between exercise systolic BP and cardiac structure, and 2)
determine if cardiac structure is altered in those with an HRE compared to those
without an HRE. A secondary aim was to determine whether these relationships
differed across various study populations (including those with and without

hypertension) via systematic review and meta-analysis.

3.3 METHODS
The literature search followed the Preferred Reporting Items for Systematic Reviews

and Meta-Analyses (PRISMA) guidelines [195]. Three electronic databases
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(MEDLINE, EMBASE and Scopus) were searched for articles reporting data on the
relationship between exercise systolic BP and clinical markers of CVD for all years up
to the August 18" 2020. (Appendix Table 3.1). Search strings included keywords such
as “blood pressure”, “arterial pressure”, or “hypertension”; and “exercise”,
“cardiopulmonary test”, or “stress test”; and ‘“ventricular remodelling,”
“cardiomyopathies”, or “cardiomegaly”. This search was conducted by two reviewers
(MM and RC) independently. Reference lists of original and review articles were also
searched for additional relevant literature. After full-text review of eligible articles,
any discrepancies between the two reviewers were resolved via discussion with a third

reviewer (MS).

Studies were eligible for inclusion if: 1) it was a full-length publication in an English
language peer-reviewed journal; 2) the study population included human adults >18
years of age; 3) reported whether a relationship between exercise systolic BP
(measured during dynamic exercise at submaximal and/or peak intensity) and any
measure of cardiac structure and/or a difference in a structural cardiac variable
between those with and without an HRE was found or not. Studies were excluded if
exercise systolic BP was measured before or after dynamic exercise testing (e.g. pre-
exercise test or during recovery) or an isometric test had been used (e.g. grip strength
testing). All methods that measure cardiac structure (e.g. echocardiography and

electrocardiography) were accepted for inclusion in this meta-analysis.

The primary outcomes were 1) LV mass; 2) LV mass index; and 3) prevalence of LV
hypertrophy. Secondary outcomes included LV relative, interventricular septal and
posterior wall thickness, LV end-systolic and LV end-diastolic dimensions and left

atrial diameter. All cardiac structural variables were recorded as continuous variables,
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except for LV hypertrophy, which was defined based on individual study criteria and

recorded as dichotomous variable.

The quality of individual studies was assessed by two reviewers (MM and RC) using
the Newcastle-Ottawa scale [196], in which a higher score indicates the study is of
higher quality with less potential for publication bias. Scores were based on selection

and comparability of study participant selection, and outcome exposure.

Data were extracted by one reviewer (MM) and independently verified by another
investigator (PO). Data extracted from each eligible study included: age, gender,
population health and resting BP status, measurement method for measuring cardiac
structure, exercise test modality and protocol, method of BP measurement, exercise
intensity at which time BP was measured, HRE and LV hypertrophy threshold criteria,
and categorical and/or continuous results related to exercise systolic BP and cardiac
structure. Detailed information on the data that was extracted (and the rationale for this
choice) is presented in the supplementary methods section of the manuscript

(Appendix A).

All analyses in this study were conducted using R for Windows (Version 3.5.1). A
single sample size, mean and standard deviation or association was calculated for each
individual study (where necessary) and is described in Appendix A of the

supplementary methods.

Random effects estimates were calculated for all meta-analyses performed because of
the heterogeneity in the included population and design between individual studies.
Meta-analyses of the pooled mean difference between groups above and below a
defined HRE threshold (as reported in each individual study) were calculated for each
cardiac structure, we have used the term “categorical” to describe this type of meta-
analysis. Meta-analyses of pooled unadjusted Pearson correlation coefficients were
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calculated to assess associations between exercise systolic BP and each cardiac
structure, we have used the term “continuous” to describe this type of meta-analysis.
The strength of pooled unadjusted associations was classified according to Cohen (0.1-
0.29 weak strength of association, 0.3-0.49 moderate strength of association and >0.5

strong strength of association) [197].

Meta-regression was performed to assess the heterogeneity explained by different
population characteristics and exercise test methodologies. Heterogeneity between
studies included differences in resting hypertension status (e.g. those with and without
hypertension) and health status irrespective of BP classification (e.g. athletic,
apparently healthy or chronic disease other than hypertension). Populations were
classified as “hypertensive” based on a resting BP >140/90 mmHg or prescribed
antihypertensive medication. Study populations were classified as having a “mixed”
status when analyses comprised of individuals with and without resting BP or various
health statuses, e.g. analyses including people with and without a chronic disease.
Factors related to differences in exercise testing methodologies used within studies
included exercise intensity at which time BP was measured and exercise modality.
Studies were classified as measuring BP at a submaximal intensity when BP was
measured at any intensity of exercise that was not considered to be ‘peak’ or ‘maximal’
intensity. Studies not included within specific meta-regression analyses are reported

in Appendix A of the supplementary methods.

P-values and the heterogeneity explained (R?) from the meta-regression analyses are
reported within the text of this manuscript for selected subgroupings relating to the
continuous and/or categorical relationship between exercise systolic BP and primary
outcomes of cardiac structure. The heterogeneity explained (R?), details on number of

studies, pooled mean difference and Pearson’s correlation are reported in the
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supplementary results (Appendix A). All results from the meta-regressions performed
to assess the continuous and/or categorical relationship between exercise systolic BP
and secondary outcomes of cardiac structure are described and reported in Appendix

A.

Funnel plots and Egger’s tests were performed to assess publication bias. Trim and fill
analyses were used to predict the number of unpublished studies and estimate a

summary effect after adjustment for publication bias [198].

3.4 RESULTS

A total of 29,851 original articles were found across the three online databases, of
which 16,232 were duplicates. An additional 51 articles were identified from reference
lists giving 13,670 articles for review by title and abstract. One hundred and thirty one
articles were subsequently eligible for full-text review, of which 49 studies were
suitable for the systematic review. A summary of the literature search and results is

shown in Appendix Figure 3.1.

In the 49 eligible studies, there was a total of 23,707 participants who were of younger-
to-older age (mean age = 44 years old, ranging from a mean age of 22 to 65 years) and
63% male. Studies included populations with varying health status (comprising of five
studies with athletes, 37 with apparently healthy, two with chronic disease, and five
with a “mixed” health status), as well as different resting BP classifications (including
28 studies without resting hypertension, 11 with resting hypertension, eight with a
“mixed” resting BP status and two not reported). Thirty-four studies measured exercise
systolic BP at peak intensity, while 15 studies measured systolic BP at a submaximal
intensity. Treadmill walking/running was the modality for exercise testing in 34
studies, while 15 studies used cycle ergometry. The most common threshold for an

HRE reported in 22 studies as systolic BP >210 mmHg for males and/or >190 mmHg
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for females at peak intensity. Forty-five studies measured cardiac structure with
echocardiography, two with magnetic resonance imaging, one with
electrocardiography, and one with electrocardiography and echocardiography. See
Appendix Table 3.2 for a summary of the 49 studies included in this systematic review.
Of the 49 studies included in the systematic review, four studies were excluded from
the meta-analysis because insufficient data were available or data were unable to be

pooled with another study [70,199-201].

Exercise systolic BP had a moderate positive association with LV mass (n=12 studies,
r=0.39, 95% CI: 0.28, 0.49; p<0.001; Appendix Figure 3.1). Those with an HRE had
higher LV mass compared to those without an HRE (n=5 studies, mean difference =
47.25¢, 95% CI: 32.70, 61.80; p<0.001; Appendix Figure 3.2). The pooled unadjusted
correlation between exercise systolic BP and LV mass was different across studies
with varying resting hypertension, health status and study quality (p<0.05 all;
Appendix Table 3.2). The pooled mean difference in LV mass between those with and
without an HRE was different across study populations with varying health status

(p=0.002; Appendix Table 3.3).

Exercise systolic BP had a moderate positive association with LV mass indexed by
body surface area (n=14 studies, r = 0.39, 95% CI: 0.29, 0.45; p<0.001; Figure 3.3)
and indexed by height>’(n=3 studies, r = 0.39, 95% CI: 0.31, 0.48; p<0.001; Appendix
Figure 3.4). Those with an HRE had higher LV mass indexed by body surface area
(n=20 studies, mean difference = 6.72g/m?, 95% CI: 3.59, 9.86 p<0.001; Figure 3.2)
but not when indexed by height?’ (n=3 studies, mean difference = 6.66 g/m?’, 95% ClI:
-1.36, 14.68; p=0.103; Appendix Figure 3.5), compared to those without an HRE. The
pooled unadjusted correlation between exercise systolic BP and LV mass indexed by

body surface area was different between studies that measured BP at varying exercise
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intensities, used different exercise modalities, and had discrepancies in quality scores
(p<0.05 all; Appendix Table 3.2). The pooled unadjusted correlation between exercise
systolic BP and LV mass indexed by height?>’ was different between studies that
measured BP at varying exercise intensities (p<0.001, R?=100%; Appendix Table 3.3).
The pooled mean difference in LV mass indexed by height>” was different between
studies that measured BP at varying exercise intensities and had different quality

scores (p<0.05 both; Appendix Table 3.3).

Risk of LV hypertrophy was higher in those with an HRE compared to those without
an HRE (n=10 studies, risk ratio = 2.61, 95% CI: 1.85, 3.70; p<0.001; Figure 3.3).
Risk of LV hypertrophy was similar across studies with populations who had different
resting hypertension and health status, and varying quality score (p>0.05 all;

Supplementary Table 3.4).

Exercise systolic BP had a weak positive association with LV relative wall thickness
(n=3 studies, r = 0.18, 95% CI: 0.13, 0.32; p<0.001; Appendix Figure 3.6). Those with
an HRE had higher LV relative wall thickness compared to those without an HRE
(n=10 studies, mean difference = 0.02, 95% CI: 0.01, 0.03; p<0.001; Appendix Figure

3.7).

There was a weak positive association between exercise systolic BP and
interventricular septal thickness (n=3 studies, r = 0.33, 95% CI: 0.11, 0.56; p=0.004;
Appendix Figure 3.8). Those with an HRE had higher interventricular septal thickness
compared to those without an HRE (n=10 studies, mean difference = 0.78mm, 95%

Cl: 0.44, 1.13; p<0.001; Appendix Figure 3.9).
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Figure 3.1. Random effect estimate for the unadjusted strength of association and 95% confidence intervals (CI) between exercise blood pressure and
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Figure 3.2. Random-effect pooled mean difference and 95% confidence intervals (Cl) in left ventricular mass index (indexed by body surface area)
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Figure 3.3. Random-effect pooled prevalence and 95% confidence intervals (Cl) of left ventricular hypertrophy between those where a hypertensive
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Exercise systolic BP had a weak positive association with LV posterior wall thickness
(n=4 studies, r = 0.36, 95% CI: 0.19, 0.53; p<0.001; Appendix Figure 3.10). Those
with an HRE had higher LV posterior wall thickness compared to those without an
HRE (n=8 studies, mean difference =0.78mm, 95% CI: 0.29, 1.18; p<0.001; Appendix

Figure 3.11).

There was no difference between those with and without an HRE in LV end-systolic
dimension (n=6 studies, mean difference = 0.45 mm, 95% CI: -1.75, 2.68; p=0.69;

Appendix Figure 3.12).

There was no difference between those with and without an HRE in LV end-diastolic
dimension (n=14 studies, mean difference = 0.80 mm, 95% CI: -0.17, 1.76; p=0.11,

Appendix Figure 3.13).

Those with an HRE had higher left atrial diameter compared to those without an HRE
(n=7 studies, mean difference = 2.25 mm, 95% CI: 1.23, 3.27; p<0.001; Appendix

Figure 3.14).

There was evidence for publication bias based on funnel plots and Egger’s test for
continuous associations between exercise systolic BP and cardiac structure, except for
interventricular septal thickness (Appendix Figure 3.15). The trim and fill method
added six theoretically missing studies to the pooled continuous analysis for LV mass
indexed by body surface area, and reduced the pooled correlation estimate (r = 0.20,
95% CI: 0.14, 0.28, p<0.001). There was no evidence for publication bias based on
funnel plots and Egger’s test for all pooled mean differences, except for LV mass

indexed by body surface area (p=0.012; Appendix Figure 3.16).

3.5 DISCUSSION
The primary finding of this meta-analysis was that exercise systolic BP was associated

with cardiac structure, such that those with an HRE were at more than two times
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greater risk of LV hypertrophy and had a higher pooled mean LV mass, LV mass index
and LV relative wall thickness compared to those without an HRE. Pooled mean
differences in cardiac structural variables between those with and without an HRE
were also broadly similar irrespective of hypertension status, health status and the
exercise intensity at the time BP was measured. Taken together, these results highlight
a relatively consistent relationship between exercise systolic BP and cardiac structure,

which could explain some of the CVD risk associated with an HRE.

Cardiac structural adaptation (such as left ventricular hypertrophy) is one of the
primary signs of hypertension-related organ damage [202]. In this context, the
myocardium is remodelled due to chronic exposure to increased afterload [73], with
elevated BP typically identified before progression to cardiac remodelling of clinical
significance [203]. There is however evidence to suggest that an HRE likely indicates
the presence of high BP undetected at rest [10,69], and thus may be used to reveal
elevated CVD risk before overt clinical presentation. Whilst this meta-analysis does
not explicitly confirm that an HRE is a signal for underlying high BP (which would
require home or ambulatory BP monitoring for definitive diagnosis), we found
exercise systolic BP to be consistently (and positively) associated with LV mass, LV
mass index and LV relative wall thickness across most included studies. Most cardiac
structural variables were also higher among those with an HRE compared to those with
no HRE, and broadly similar between studies that included populations with a different
status for resting BP. These consistent associations between exercise systolic BP and
LV structure provide further important evidence to suggest that an HRE is indeed a
signal for undetected high BP, and the differential cardiac structure is a manifestation

of heightened CVD risk.
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In this meta-analysis, we were unable to assess the many potential contributory factors
that may underpin the relationship between exercise systolic BP and cardiac structure.
However, several studies suggest that raised arterial stiffness may play a central role.
Indeed, elevated arterial stiffness sustained over time may increase cardiac afterload,
giving way to a pathological remodelling of the left ventricle [73]. A stiffened
vasculature coupled to an exercise-induced elevation in stroke volume would also
precipitate an acute elevation in exercise systolic BP [112]. Altered cardiac structure
and an HRE has been reported as more prevalent in those with chronic health
conditions, such as type 2 diabetes mellitus and hypertension [43,70], both
synonymous with raised arterial stiffness [89]. As such, the relationship between
cardiac structure and exercise systolic BP likely represents a more advanced stage of

CVD in these individuals.

As expected, cardiac structural parameters were also higher in study populations with
an HRE who were healthy and/or athletic. In these individuals, the cardiac structure
and exercise systolic BP relationship is more likely to be a normal physiological
response to regular physical activity. Indeed, while follow-up ambulatory monitoring
in athletes who record an HRE is recommended to rule-out underlying hypertension
[72], an HRE often occurs at maximal or peak workloads in highly fit and athletic
populations in the absence of other (resting) cardiovascular abnormalities [45,77].
Whilst we were unable to account for training status or the level of cardiorespiratory
fitness in this meta-analysis, both are known correlates of cardiac structural adaptation
[84]. Individuals in the included studies described as ‘athletic’ may have therefore
undergone some form of physiological LV remodelling, which via a Frank-Starling
mechanism would facilitate greater cardiac output and thus higher systolic BP during
longer duration or more intense exercise. This type of LV structural adaptation

typically occurs with a sustained endurance training load (i.e. a volume overload
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leading to eccentric LV hypertrophy) or strength training (i.e. potential pressure
overload leading to concentric LV hypertrophy) [84]. However, the level of physical
activity undertaken by the different study populations in this meta-analysis is unknown.
Thus, further research is required to fully understand both the nature of and

contributory factors of the exercise systolic BP and cardiac structure relationship.

To account for some of the heterogeneity and potential study bias associated with
exercise systolic BP measurement, we combined eligible studies with similar exercise
testing design and assessed differences using meta-regression. The difference in
cardiac structure (namely LV mass index) between those with and without an HRE did
vary slightly between studies that used a dissimilar exercise modality. It is possible
that an HRE manifests differently with exercise modality and protocols, with data to
suggest that systolic BP does not increase to the same extent in response to cycle
exercise compared with treadmill exercise [31]. Nonetheless, to our knowledge there
is no physiological rationale to suggest that exercise modality should affect the
relationship between exercise systolic BP and cardiac structure. Differences and
heterogeneity explained by studies using various modalities are perhaps more likely
due to individual study population characteristics, exercise testing design, HRE and
LV hypertrophy threshold or low statistical power, which we cannot account for in this
meta-analysis. Exercise systolic BP is generally higher in males compared to females
and increases with age in both sexes [40,204]. However, we were unable to pool
associations adjusted for age and sex (as well as other potential confounding factors)
due to the paucity of adjusted model data available and in the absence of individual
participant data. Moreover, all studies included in this meta-analysis were cross-
sectional in design. Therefore, an analysis of longitudinal data is required to more

accurately understand future CVD risk, and whether the exercise systolic BP-cardiac
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relationship is truly pathological in nature. Analyses of longitudinal data may also
allow causal pathways between an HRE and LV hypertrophy to be identified.

Conclusion. This study systematically determined that an HRE is adversely associated
with several markers of cardiac structure. Associations were relatively consistent
across different study populations and exercise testing methodologies. These results
highlight the hypertension-related CVD risk associated with an HRE. Further
physiological and mechanistic studies are required to more fully understand factors
that contribute to the association between exercise systolic BP and cardiac structure,

in both sub-clinical and clinical populations.

Practical implications.

e The BP response to clinical exercise testing carries significant prognostic and
clinical implications, being linked to hypertension-related cardiovascular
morbidity and mortality.

e This meta-analysis represents the first systematic assessment of the
relationship between exercise BP and cardiac structure, with the results
revealing that a rather consistent relationship exists between an HRE and
‘adverse’ cardiac structure.

e This highlights the potential hypertension-related CVD risk associated with

abnormal exercise BP.

3.6 CONTRIBUTION OF STUDY TO THESIS AIMS

Prior to Study 2, there was conflict between studies on the relationship between
exercise BP and cardiac structure. It was also uncertain whether those with an HRE
had structural cardiac adaptation that was different to those without an HRE because
not all studies had reported this difference. This study (Study 2) has fully eludicated

that exercise BP is associated with cardiac structure irrespective of clinic BP.
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Additionally, those with an HRE had raised cardiac structure and risk of LV
hypertrophy compared to those without an HRE irrespective of clinic BP. These
findings suggest the potential hypertension-related CVD risk associated with abnormal
exercise BP. This potential relationship may suggest there is an association between
exercise BP and other CVD risk factors, which cluster with the presence of high BP.
Therefore, Study 3 aimed to assess the relationship between exercise BP and CVD risk
factors, and determine if CVD risk is higher in those with an HRE vs. no-HRE, via a

second systematic review and meta-analysis.
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5.1 ABSTRCT

Objective. Abnormal exercise blood pressure (BP) is independently associated with
CVD outcomes. However, it is unknown how individual CVD risk factors may interact
with one another to influence exercise BP. The aim of this study was to quantify direct
and indirect associations between CVD risk factors and exercise BP, to determine what
CVD risk factor/s most-strongly relate to exercise BP.

Methods. In a cross-sectional design, 660 participants (44+2.6 years, 54% male) from
the Childhood Determinants of Adult Health Study completed an exercise test with BP
measurement during low-intensity exercise. CVD risk factors were measured,
including body composition, clinic (rest) BP, blood biomarkers and cardiorespiratory
fitness. Associations between CVD risk factors and exercise BP were assessed using
linear regression, with direct and indirect associations assessed via structural equation
model (SEM).

Results. Sex, waist-to-hip ratio, fitness, and clinic BP were independently associated
with exercise systolic BP (SBP), and along with age, had direct associations with
exercise SBP in the SEM (p<0.05 all). Most CVD risk factors were indirectly
associated with exercise SBP via a relation with clinic BP (p<0.05 all). Clinic BP,
waist-to-hip ratio and fitness had the highest total effect (direct and indirect association)
on exercise SBP (B[95%C1]: 9.35 [8.04,10.67], 4.91 [2.56,7.26], and -2.88 [-4.25,-1.51]
mmHg/SD, respectively).

Conclusion. Many CVD risk factors are associated with exercise BP, mostly with
indirect effects via clinic BP. Clinic BP, body composition and fitness showed the
highest total effects on exercise BP, suggesting lifestyle modification of these risk

factors as a primary strategy to decrease exercise BP-related CVD risk.
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5.2 INTRODUCTION

Systolic blood pressure (BP) will normally rise with dynamic exercise of incremental
intensity [27]. This systolic BP response can, however, be abnormally high (termed a
hypertensive response to exercise; HRE) and is independently associated with incident
hypertension, cardiovascular morbidity and mortality [9,11,64]. Associations with
hypertension-related CVD risk factors (e.g. raised left ventricular mass and aortic
stiffness) [220,221] likely underpin the increased risk related to an HRE. Indeed,
previous research suggests that an HRE reveals a hypertensive state gone undetected
with standard measurement of BP at rest [10,69] and thus may be a useful clinical tool
to identify CVD risk.

Several CVD risk factors are known to influence the BP response to exercise [124,144].
CVD risk factors rarely occur in isolation [148,149,213], and likely interact with one
another via several pathways to influence exercise BP. Indeed, individuals with raised
total and abdominal fat likely have raised metabolic- and lipid-related CVD risk factors
[150]. These metabolic- and lipid-related CVD risk factors may damage the peripheral
vasculature and inhibit vasodilation during exercise [151,152], which when
accompanied with the exercise-induced elevation in cardiac output may elevate the BP
response to exercise. These various pathways of association (i.e. direct and indirect
effects) to exercise BP have never been explored, and cannot be assessed with
traditional statistical methods (i.e. linear regression/correlation). This limitation of
traditional statistics could be solved with a structural equation model (SEM), which
can be used to identify, test and quantify possible pathways of association between
different CVD risk factors simultaneously [222,223]. The various pathways of
association between exercise BP and CVD risk factors are important to understand in
order to improve the identification and treatment of CVD risk related to high BP. Thus,

the aim of this study was to quantify the direct and indirect associations between CVD
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risk factors and exercise BP, whilst also determining what CVD risk factor/s most-

strongly relate to exercise BP.

5.3 METHODS

Participants. Participants were initially recruited for the 1985 Australian Schools
Health and Fitness Survey, which involved collection of lifestyle and physical data on
8948 school children aged 7-15 years across Australia [224]. Of these participants,
1363 attended a follow-up clinic from 2017 to 2019. Participants who attended a
follow-up clinic completed a lifestyle questionnaire, including questions on
hypertension and diabetes mellitus history, smoking status. Participants were excluded
from the current analysis if: (1) a submaximal exercise (fitness) test was not completed,
and (2) a BP was not measured during the warm-up stage of the exercise test at a fixed
workload of 75 watts. Therefore, a total of 660 participants were available for this
study. Appendix Figure 5.1 illustrates this flow of participants. All participants
provided informed consent and ethics approval was received from the Southern

Tasmania Health and Medical Human Research Ethics Committee.

Exercise test. The submaximal exercise test was performed on a cycle ergometer
(Monark 928G3r; Monark exercise ab, vansbro, Sweden) to determine physical work
capacity at a heart rate of 170 bpm (PWCi70) as an estimate of cardiorespiratory fitness
[225]. The exercise test first involved participants cycling for two minutes at a fixed
workload of 75 watts and cadence of 60 rpm. This stage of the exercise test was defined
as the warm-up. Thereafter, the exercise test involved three 4-minute stages. The
workload increased incrementally with each exercise test stage until participants
reached the pre-specified target heart rate zone (first stage: 115-129 bpm; second stage:
130-144 bpm; and third stage: 145-160 bpm). The workload was adjusted during the

first two minutes of each stage, so a steady-state heart rate was achieved by the fourth
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minute of the exercise test stage. A fourth exercise test stage involving another increase
in workload was performed when participants had not reached a steady-state heart rate
of 145-160 bpm by the fourth minute of the third exercise test stage. Heart rate and
workload were recorded during the last 15 seconds of each stage. Criteria for
terminating the exercise test included a medical or technical indication arose or upon
participant request. All participants completed a modified physical activity readiness
questionnaire before starting the exercise test to rule-out any contraindications to

exercise, which are reported in the supplementary material (Appendix D).

Exercise BP. A cuff attached to a manual auscultatory sphygmomanometer (UM-101,
A&D instruments, SA, Australia) was placed onto the left arm of the participant before
the exercise test. A single BP measurement was taken during the last minute of the 2-
minute warm-up stage while participants continued to cycle. The technician read the
BP values off the manual sphygmomanometer while listening for the 1st and 5™
Korotkoff sounds (representing systolic and diastolic BP, respectively) in accordance

with recommendations [7].

Cardiorespiratory fitness. Cardiorespiratory fitness was estimated using the heart
rate and workload recorded during the three (or four) incremental exercise test stages.
Workload was plotted against heart rate, then extrapolated using line-of-best-fit to
estimate the workload at a heart rate of 170 bpm. This estimated workload represented
PWC170, which was regressed on lean body mass and the resultant residuals were used
to account for the potential that individuals with greater lean body mass may achieve

a higher workload for a given heart rate. [226].

Clinic (resting) BP and heart rate. At a separate time (but on the same day), clinic
BP and resting heart rate was measured using an automated BP device (Omron HEM-

907, Omron Healthcare, Kyoto, Japan) attached to a cuff on right arm of the participant
87



An investigation of the direct and indirect effects of cardiovascular disease risk
factors on exercise blood pressure.

in a seated position [227]. Three measures for BP and heart rate were taken in one-
minute intervals after five minutes of seated rest. The average of the three

measurements was used to calculate clinic BP and resting heart rate.

Body composition. Weight was measured using a portable scale (Heine, Dover, NH,
USA). Height was determined using a Leicester height measure (Invicta, Leicester,
UK). Body mass index was calculated as weight (kg) divided by height (m?). Waist
and hip circumference were measured in duplicate using a constant tension tape.
SlimGlide calipers (Slim Guide, USA) were used to measure triceps, biceps,
subscapular, and suprailiac skinfolds on the righthand side in duplicate. A third
circumference or skinfold was taken if there is a >10% difference between the first
two measurements. Circumferences and skinfolds were averaged for analysis. Fat and
fat-free (lean) mass and fat mass percentage were calculated using sex-stratified

equations based on the sum of skinfolds and weight [228].

Blood and urine biochemistry. Fasting blood samples were taken from the anticubital
fossa and glucose, insulin, HbAlc, total cholesterol, high- and low-density lipoprotein
cholesterol, triglycerides, high-sensitivity c-reactive protein and creatinine were
measured. Homeostatic model assessment of insulin resistance (HOMA-IR) was also
calculated with glucose and insulin, and these details are described in the
supplementary material (Appendix D). Urine samples were collected for
measurements of creatinine and albumin. Urine albumin-to-creatinine ratio was

calculated as urine albumin divided by urine creatinine.

Muscular strength. Muscular strength was estimated from maximal voluntary
isometric contraction of left and right handgrip, shoulder extension and flexion and leg

extension. Because the assocation between exercise BP and muscular strength was
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exploratory, further information on the protocols used for these strength variables are
in the supplementary methods.

Statistical analysis. All statistical analyses were performed using Stata (Version 16.0,
StataCorp, College Station, Texas). Statistical significance was defined as a p-value
<0.05. Histograms and Q-Q plots were examined to assess the distribution of scaled
variables. Participant characteristics were stratified by sex and presented either as
mean and standard deviation or as median and interquartile range for scaled variables,
and as percentage and relative frequency for categorical variables.

Exercise systolic and diastolic BP were transformed to remove skewness, and back-
transformed for data presentation. The covariates for scaled study factors were centred
at the mean prior to estimating their relationship with exercise BP using linear
regression methods [229,230]. Non-linearity in the relationship was modelled by
including the square and cube of the covariate in polynomial fits. All associations were
adjusted for age and sex. Additional analyses were performed to assess age- and sex-
interactions in the associations of exercise BP with a study factor and are reported in
the supplementary material (Appendix D). The estimated cross-sectional responses of
exercise BP to a one-unit change in each study factor are reported, together with 95%
confidence intervals.

Multivariable linear regression analyses were performed to assess the associations
between exercise BP and multiple study factors. To select what study factors to include
in the multivariable models, each study factor was grouped according to potential
mechanism of action on exercise BP. The broad categories included body composition,
metabolic profile, lipid profile, inflammation, haemodynamic, cardiorespiratory
fitness and kidney function. Further details are described in the supplementary material
(Appendix D). The final multivariable linear regression models chosen for each broad

category included only the CVD risk factors that were independently associated with
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exercise BP, explaining the highest variance in the model (i.e., R?). In general, only
one study factor in each category was included in the final multivariable model.

An SEM was used to assess if a study factor included in the mutually adjusted
multivariable linear regression analyses mediated the associations of another factor on
exercise BP. Appendix Figure 5.2 includes the specification of the SEM where
relationships were hypothesised to exist between exercise BP and the different CVD
risk factors in the mutually-adjusted multivariable linear regression [231]. The SEM
for which results are reported all satisfied conventional standards for model fit: the
chi-square divided by degrees of freedom (y%/df) was <2.0, root mean square error of
approximation was <0.6, and comparative fit index and Tucker-Lewis index
were >0.95 [232,233]. A direct effect reported from the SEM was defined as a
directional association from a study factor to exercise BP. An indirect effect was
defined as a directional association from a study factor to exercise BP that was
mediated through the relationship of another study factor/s. The joint direct and
indirect effects of a study factor on exercise BP defined the total effect. The estimates
reported are the cross-sectional response of exercise BP firstly to a one-unit change in

the study factor, and secondly to a one-standard deviation change in the study factor.

5.4 RESULTS

Participant characteristics. Table 5.1 presents the sex-stratified participant
characteristics. The study population were on average middle-aged with raised body
mass index, waist-to-hip ratio and fat mass percentage with controlled clinic BP,
fasting blood and urine biochemistry. Few participants self-reported having a history

of smoking or diagnosis of hypertension or diabetes mellitus.
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Table 5.1. Participant characteristics.

Characteristic Male Female
N 354 306
Age, years 44.3 (2.6) 44.4 (2.7)
Height, cm 179.9 (6.2) 165.5 (6.1)
Weight, kg 87.3 (14.0) 72.4 (15.1)
Body mass index, kg/m? 27.0 (4.1) 26.4 (5.3)
Waist circumference, cm 91.7 (10.3) 81.5(11.8)
Hip circumference, cm 101.4 (8.6) 101.4 (12.9)
Waist-to-hip ratio 0.9 (0.1) 0.8 (0.1)
Fat mass percentage, % 25.3 (5.4) 35.0 (5.7)
Smoking, n (%) 23 (6.6%) 19 (6.3%)
Hypertension, n (%) 42 (12.2%) 41 (13.5%)
Diabetes Mellitus, n (%) 3 (0.9%) 16 (5.3%)
Resting heart rate, bpm 60.2 (9.5) 64.8 (9.1)
Resting SBP, mmHg 124.7 (13.0) 112.6 (12.9)
Resting DBP, mmHg 75.7 (10.6) 71.2 (10.9)
Exercise SBP, mmHg 138.4 (16.9) 132.6 (18.0)
Exercise DBP, mmHg 77.2 (10.0) 74.3 (11.4)

Cardiorespiratory fitness unadjusted for
lean body mass, Watts

Cardiorespiratory fitness adjusted for lean
body mass, Watts

Dominant handgrip strength*, kg
Shoulder extension strength, kg

Shoulder flexion strength, kg

Leg strength, kg

176.0 (135.9-232.3)

179.0 (144.3-226.8)

48.3 (44.0-52.5)

32.1 (24.6-38.9)

47.2 (38.4-55.8)
173.9 (151.8-195.2)

103.7 (87.3-127.0)

104.5 (88.1-127.5)

29.9 (26.5-33.5)

17.9 (14.3-22.2)

26.1 (21.3-31.3)
101.2 (84.3-117.5)

Glucose, mmol/L 4.8 (0.7) 4.6 (0.6)
Insulin, pmol/L 34.7 (20.8-48.6) 34.7 (27.8-55.6)
HOMAI-IR 1.0 (0.7-1.6) 1.1 (0.7-1.6)
HOMAZ2-IR 0.6 (0.5-1.0) 0.7 (0.5-1.0)
HOMAZ2-p 79.4 (63.8-104.0) 91.1 (74.3-110.5)
HbAlc, % 5.2 (0.4) 5.2 (0.3)
Total cholesterol, mmol/L 5.2(1.0) 5.1(0.8)
HDLC, mmol/L 1.3(0.3) 1.7 (0.4)
LDLC, mmol/L 3.3(0.9) 3.0(0.7)
Triglycerides, mmol/L 1.1 (0.8-1.5) 0.9 (0.7-1.2)
High-sensitivity c-reactive protein, mg/L 0.7 (0.3-1.4) 1.0 (0.4-2.1)
Serum creatinine, umol/L 82.4 (10.4) 65.6 (9.1)
Urine albumin, g/L 3.0 (1.0-8.0) 4.0 (1.0-7.0)
Urine creatinine, mmol/L 10.3 (5.8-14.6) 8.2 (4.1-12.7)
Albumin-creatinine ratio 0.5 (0.3-0.8) 0.6 (0.4-0.9)

Mean (Standard deviation) for normally distributed continuous variables, median (25" —
75 percentile) for non-normally distributed continuous variables, and n (%) for
categorical variables. * n = 65 with dominant left hand and n = 564 with dominant right
hand. DBP, diastolic blood pressure; HDLC, high-density lipoprotein cholesterol;
HOMAZ1-IR, Homeostatic model assessment of insulin resistance (model 1); HOMA2-
IR, Homeostatic model assessment of insulin resistance (model 2); HOMA2-f3,
Homeostatic model assessment of beta-cell function; LDLC, low-density lipoprotein
cholesterol; SBP, systolic blood pressure
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Univariable associations with exercise BP. Table 5.2 shows the association between
exercise systolic and diastolic BP and each study factor after adjusting for age and sex.
Age, male sex, body size and fatness (e.g., raised body mass index, waist-to-hip ratio
and fat mass percentage), clinic BP, history of hypertension diagnosis, resting heart
rate, and metabolic-, lipid-, and Kkidney-related CVD risk factors were positively
associated with exercise systolic BP. Cardiorespiratory fitness was negatively
associated with exercise systolic BP. Ever smoking status, history of diabetes mellitus,
HbA1c, high-density lipoprotein cholesterol, creatinine and all measures of muscular
strength had no association with exercise systolic BP. There was no sex- or age-
interaction on any association between exercise systolic and diastolic BP and each
study factor. The univariable associations between individual study factors and
exercise diastolic BP were broadly similar to the results reported for exercise systolic
BP.

Multivariable associations with exercise BP. Body mass index, waist-to-hip ratio
(body composition), HOMA-IR (metabolic), low-density lipoprotein cholesterol,
triglycerides (lipids), clinic BP, resting heart rate (haemodynamic), c-reactive protein
(inflammation), and urine albumin-creatine ratio (kidney function) and PWCio
(cardiorespiratory fitness) were the study factors from grouped collections with the
strongest association with exercise systolic BP (Appendix Table 5.1). Sex, waist-to-
hip ratio, cardiorespiratory fitness and clinic BP were independently associated with
exercise systolic BP after mutual adjustment of all the CVD risk factors found from

grouped collections (Table 5.3).
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Table 5.2. Univariable associations with exercise blood pressure (BP)

Study factor Exercise systolic BP  Exercise diastolic BP
Age (years) 1.31 (0.18, 2.44) * 0.49 (0.18, 0.80) *
Female sex -5.95 (-8.50, -3.41) * -3.21 (-4.78, -1.63) *
Weight (kg) 0.25(0.17,0.34) * 0.25 (0.20, 0.30) *

Body mass index (kg/m?)
Waist circumference (cm)

Hip circumference (cm)

Waist-to-hip ratio

Fat mass percentage (%)

Fat body mass (kg)

Lean (fat-free) body mass (kg)

Ever smoking status

Previous hypertension diagnosis
Previous diabetes diagnosis
Resting heart rate (bpm)

Clinic BP (mmHg)

0.87 (0.60, 1.15) *
0.38 (0.27, 0.50) *
0.17 (0.05, 0.29) *
95.79 (56.53,
135.04) *

0.64 (0.25, 1.03) *
0.48 (0.32, 0.63) *
0.37 (0.20, 0.53) *
2.07 (-3.35, 7.49)
12.40 (8.13, 16.68) *
6.89 (-1.64, 15.43)
0.46 (0.32, 0.61) *
0.69 (0.60, 0.78) *

0.86 (0.70, 1.03) *
0.40 (0.34, 0.47) *
0.34 (0.27, 0.41) *

43.77 (24.59, 62.95) *

0.53 (0.29, 0.76) *
0.46 (0.37, 0.56) *
0.38 (0.28, 0.48) *
3.54 (0.11, 6.97) *
7.94 (5.33, 10.55) *
257 (-2.52, 7.66)
0.37 (0.28, 0.46) *
0.67 (0.62, 0.73) *

Cardiorespiratory fitness unadjusted
for lean body mass, Watts
Cardiorespiratory fitness adjusted
for lean body mass, Watts
Dominant handgrip strength”, kg
Shoulder extension strength, kg
Shoulder flexion strength, kg

-0.03 (-0.05, -0.01) *  -0.02 (-0.03, -0.01) *

-0.05 (-0.08, -0.03)*  -0.04 (-0.06, -0.03)*

0.05 (-0.18, 0.28) -0.04 (-0.18, 0.10)
0.14 (-0.02, 0.29) 0.01 (-0.09, 0.10)
-0.02 (-0.14,0.10)  -0.04 (-0.12, 0.03)

Leg strength, kg
Glucose (mmol/L)
Insulin (mIU/L)
HOMAL-IR
HOMAZ2-IR
HOMA2-B
HbA1c (%)

Total Cholesterol (mmol/L)

HDLC (mmol/L)
LDLC (mmol/L)
Triglycerides (mmol/L)

Serum Creatinine (umol/L)
High-sensitivity c-reactive protein

(mg/L)
Urine albumin (g/L)

Urine creatinine (mmol/L)
Urine albumin-creatinine ratio

0.03 (-0.01, 0.08)
3.42 (1.34, 5.50) *
1.15 (0.76, 1.54) *
5.00 (3.18, 6.82) *
9.67 (6.26, 13.07)*
0.08 (0.04, 0.13)*
2.80 (-1.04, 6.64)
2.17 (0.68, 3.66) *
-2.40 (-6.02, 1.21)
2.41 (0.73, 4.08) *
3.68 (1.27, 6.09) *
-0.07 (-0.15, 0.28)

0.74 (0.19, 1.30) *

0.06 (0.01, 0.10) *
0.16 (-0.05, 0.36)
1.10 (0.29, 1.91) *

-0.02 (-0.05, 0.01)
3.93 (2.03, 5.84) *
1.23 (0.96, 1.51) *
4.99 (3.98, 6.00) *
9.83 (7.76, 11.90) *
0.10 (0.07, 0.13) *
1.76 (-0.60, 4.11)
1.80 (0.89, 2.71) *
-3.30 (-5.44, -1.17) *
2.07 (1.04, 3.09) *
4.10 (2.62, 5.59) *
0.01 (-0.07, 0.1)

0.95 (0.61, 1.29) *

0.03 (0.00, 0.05)
0.20 (0.08, 0.33) *
-0.03 (-0.37, 0.31)

HDLC, high-density lipoprotein cholesterol; HOMAL-IR, Homeostatic model
assessment 1-insulin resistance; HOMAZ2-IR, Homeostasis model assessment 2-insulin
resistance; HOMAZ2-, Homeostasis model assessment 2-beta cell function; LDLC, low-
density lipoprotein cholesterol; All results are reported as an effect of a one-unit change
in the study factor on exercise BP with 95% confidence intervals. * n = 65 with dominant
left hand and n = 564 with dominant right hand. * denotes statistical significance (p<0.05)
after adjusting for sex and age. Age was only adjusted for sex. Sex was only adjusted for
age.
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The SEM showed age, sex, waist-to-hip ratio, cardiorespiratory fitness, and clinic BP
to be directly associated with exercise systolic BP (p<0.05 all). All CVD risk factors
in the SEM, except age, were associated with exercise systolic BP indirectly via a
relationship with clinic BP (p<0.05 all). The quantified direct and indirect effects on
exercise systolic BP from each study factor included in the SEM are reported in
Appendix Table 5.2 and Appendix Figure 5.3 illustrates the direct and indirect
association of each study factor with exercise systolic BP in the SEM. Age, body mass
index, waist-to-hip ratio, HOMA-IR, high-sensitivity c-reactive protein, low-density
lipoprotein cholesterol, triglycerides, clinic BP and resting heart rate had a positive
total effect (association) on exercise systolic BP, while female sex and
cardiorespiratory fitness had a negative total effect association on exercise systolic BP
(Table 5.3). Details for why albumin-creatinine ratio was excluded from the mutually
adjusted multivariable analysis and SEM are reported in the supplementary material
(Appendix D). Based on comparisons of the estimated response of exercise systolic
BP to a one standard deviation change in each study factor, the study factor that had
largest effect on exercise systolic BP was clinic BP, followed by waist-to-hip ratio and
then cardiorespiratory fitness (Table 5.3).
Study factor(s) grouped into collections with the highest association with exercise
diastolic BP are reported in Appendix Table 5.3. The response in exercise diastolic BP
with a one-unit change in each study factor(s) in the mutually adjusted multivariable
analysis and the total effects in the SEM are reported in Appendix Table 5.4. The direct
and indirect effects between each study factor and exercise diastolic BP from the SEM
are reported in Appendix Table 5.5 and visually illustrated in Appendix Figure 5.4.
Details for why urine creatinine was excluded from the mutually adjusted
multivariable analysis and SEM are reported in the supplementary material (Appendix
D).
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exercise systolic BP.

Mutually adjusted
multiple linear regression

Structural equation model

Study factor Study Effect of a one-unit Effect of a one-unit Effect of a one SD change
factor SD change (95% CI) change (95%Cl) (95%Cl)
Age, years 2.67 0.53 (-0.41, 1.46) 0.60 (0.33, 0.86) * 1.60 (0.89, 2.30) *
Female sex 0.50 3.70 (0.19, 7.20) * -4.02 (-7.27,-0.77) * -2.00 (-3.63, -0.38) *
Body mass index, kg/m? 458 -0.02 (-0.35, 0.31) 0.58 (0.43, 0.73) * 2.66 (1.96, 3.36) *
Waist-to-hip ratio 0.08 49.93 (21.96, 77.90) * 58.60 (30.59, 86.61) * 4.91 (2.56, 7.26) *
HOMAL-IR 0.81 0.65 (-1.18, 2.48) 0.32(0.12,0.51) * 0.26 (0.10, 0.42) *
LDLC, mmol/L 0.82 0.24 (-1.19, 1.68) 0.15 (0.02, 0.27) * 0.12 (0.01, 0.23) *
Triglycerides, mmol/L 0.56 -1.05 (-3.31, 1.27) 1.58 (0.44, 2.72) * 0.89 (0.25, 1.53) *
cardlorespiratory finess unadjusted for 7425 0,02 (-0.04, -0.002) * 0,04 (-0.06,-0.02) *  -2.88 (-4.25,-151) *
ean body mass, Watts
r:']'g%rl‘_sens'“‘”ty c-reactive protein, 2.44 -0.25 (-0.78, 0.27) 0.11 (0.04, 0.17) * 0.26 (0.10, 0.41) *
Resting heart rate, bpm 0.01 0.14 (-0.003, 0.28) 0.14 (0.07, 0.20) * 0.001 (0.0004, 0.001) *
Clinic BP, mmHg 14.15 0.63 (0.53, 0.73) ** 0.66 (0.57, 0.75) * 9.35 (8.04, 10.67) *

BP, blood pressure; Cl, confidence interval; HOMA1-IR, Homeostatic model assessment of insulin resistance; LDLC, low-density lipoprotein

cholesterol; SD, standard deviation. * denotes statistical significance (p<0.05)
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5.5 DISCUSSION

This study aimed to quantify the direct and indirect pathways of associations between
CVD risk factors and exercise BP, to determine the CVD risk factor/s most-strongly
related to exercise BP. The results indicated that many CVD risk factors are associated
with exercise systolic BP, mostly with indirect effects via clinic BP. The study factors
that were most-strongly associated with exercise systolic BP were clinic BP, waist-to-
hip ratio and cardiorespiratory fitness. Thus, lifestyle modification of these CVD risk

factors is likely a primary strategy to decrease BP-related CVD risk.

The statistical methods used in this study are distinctly different to those in previous
studies that have investigated the relationship between exercise BP and various CVD
risk factors via traditional linear models (i.e. Pearson’s correlation or regression)
[124,144,220]. A limitation of previous findings and traditional statistical methods is
that the association between exercise BP and a CVD risk factor may be indirect via a
relation with another factor. The SEM utilised in this study has, for the first time,
enabled multiple pathways of association between exercise BP and CVD risk factors
to be tested simultaneously. For example, the SEM showed that while waist-to-hip
ratio had a direct relationship with exercise BP, this association was also
simultaneously present via relations with multiple blood-related CVD risk factors,
resting heart rate and clinic BP. Thus, the results from the SEM in the present study
have enabled the interrelationships between CVD risk factors and exercise BP to be

understood.

High BP is not always correctly identified with the traditional measurement of BP
taken under resting conditions in clinical settings [17], which is why home or
ambulatory BP monitoring is recommend for a definitive diagnosis [16]. In the absence

of out-of-office BP, the measurement of exercise BP may also be used in clinical
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settings to screen for high BP. Indeed, an abnormal exercise BP response, such as an
HRE, is likely a signal of high BP [10,69,221]. Those with an HRE likely also have
slightly raised clinic BP (i.e. pre-hypertension) [46,144], which may still be a signal
of elevated BP-related CVD risk [46]. This aforementioned evidence could support
why exercise BP was most-strongly associated with clinic BP, and why this
relationship also mediated via other CVD risk factors, which typical appear with high
BP [148,149,213]. However, an HRE can still occur even when clinic BP is normal
[10,69]. The results of the current study also support this idea because exercise BP was
associated with age, sex, waist-to-hip ratio and cardiorespiratory fitness independently
of clinic BP. Thus, these results highlight that the measurement of exercise BP could
offer an opportunity to identify individuals at high BP-related CVD risk that may have

been otherwise missed under resting conditions.

It is well known that there is a complex interplay between body composition and
cardiorespiratory fitness in relation to CVD risk. Whilst raised body ‘fatness’ is
associated with increased risk of CVD, this relationship can be reduced with higher
cardiorespiratory fitness levels [234]. Moreover, the poor CVD risk profile related to
elevated body fatness can be improved, but not fully eliminated, with an increase in
cardiorespiratory fitness [235]. Exercise BP also had a stronger positive association
with elevated body fatness compared to its independent negative relationship with
cardiorespiratory fitness in this study. These findings are consistent with other cross-
sectional studies where exercise systolic BP was higher among individuals with
elevated body fatness irrespective of cardiorespiratory fitness [138,236]. A decrease
in exercise BP has also been found to be independently associated with a reduction in
waist circumference and improvement in cardiorespiratory fitness following an
exercise intervention [237]. The current study also expands on this understanding

between exercise BP, body fatness and cardiorespiratory fitness and shows these
97



An investigation of the direct and indirect effects of cardiovascular disease risk
factors on exercise blood pressure.

relationships were partly mediated via relations with general CVD risk factors,
suggesting other contributory factors may also influence the BP response. Indeed,
another potential contributory factor associated with exercise BP is raised arterial
stiffness [220], which also shares a relationship with elevated body fatness parameters,
low cardiorespiratory fitness and a poorer metabolic- and lipid-related CVD risk
profile [214,215,238]. Overall, the results in this study may suggest that lifestyle
modification of CVD risk factors could be a primary strategy to decrease CVD risk

related to exercise BP.

Strengths and limitations. A strength of this study was that exercise BP can be
interpreted free from the influence of cardiorespiratory fitness because it was measured
during a standardised fixed and submaximal workload rather than at a specific intensity
[239]. This study included a large national representative sample of middle-aged adults
but may not be generalisable to younger or older populations. In the absence of the
gold-standard measurements, cardiorespiratory fitness and body fatness were
estimated in this study. However, the methods used to estimate cardiorespiratory
fitness and body fatness are recognised to be appropriate for large scale field-based
studies that do not require expensive training and equipment [134]. Behavioural
variables (e.g. physical activity and diet) may also influence the BP response to
exercise, as well as one or more CVD risk factors that were included in the current
study. Self-reported behavioural factors can be unreliable and inaccurately estimate
objective measures [240,241], which is why these factors were excluded from the
current analyses. An analysis with longitudinal data would improve the understanding
of the different causal relationships between exercise BP and different CVD risk
factors compared to this cross-sectional study. Nevertheless, the direction of each
relationship and total effect (i.e. the combined direct and indirect associations)

between exercise BP and individual CVD risk factors in the SEM were as hypothesised
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in the original model specification, and thus, likely represent biologically plausible
pathways to be tested in future studies. Moreover, the SEM in this study was
sufficiently powered to evaluate the multiple pathways of association between exercise
BP and different CVD risk factors simultaneously, which cannot be undertaken with a
multivariable linear regression model. Future studies are encouraged to use an SEM
approach to better understand the possible pathways of association between exercise
BP, different CVD risk factors and clinically meaningful outcomes (such as target

organ damage markers or CVD events and mortality).

Conclusions There are many pathways of association between exercise BP and
different CVD risk factors, mostly that occur via an indirect relation with clinic BP.
Clinic BP, body composition and cardiorespiratory fitness were shown to be most-
strongly associated with exercise BP, suggesting lifestyle modification of these risk
factors may have independent and additive effects to decrease exercise BP-related

CVD risk.

5.6 CONTRIBUTION OF STUDY TO THESIS AIMS

Prior to Study 4, it remained unknown whether and how individual CVD risk factors
could interact with one another to influence the exercise BP response. In Study 4,
several pathways of association were found between exercise BP and individual CVD
risk factors. Most CVD risk factors shared a relationship with exercise BP via an
association with clinic BP. However, age, sex, waist-to-hip and cardiorespiratory

fitness are also associated with exercise BP independently of clinic BP.
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Improvement in functional capacity with spironolactone masks the treatment effect
on exercise blood pressure.

6.1 ABSTRACT

Objectives. A hypertensive response to submaximal exercise is associated with CVD
but this relationship is influenced by functional capacity. Spironolactone improves
functional capacity, which could mask treatment effects on exercise blood pressure
(BP). This study sought to examine this hypothesis, with additional consideration of
the role of aortic stiffness on changes in exercise BP following treatment.

Design. Retrospective analysis of a randomised clinical trial.

Methods. 102 participants (549 years; 52% male) with a hypertensive response to
maximal exercise (systolic BP >210mmHg men; >190mmHg women) were
randomized to 3-months spironolactone 25 mg daily (n=53) or placebo (n=49).
Submaximal exercise BP was measured during low-intensity cycling (50, 60 or 70%
age-predicted maximal heart rate). Functional capacity was measured as maximal
oxygen capacity obtained during a maximal treadmill exercise test, and (resting) aortic
stiffness by carotid-to-femoral pulse wave velocity.

Results. Spironolactone improved submaximal exercise systolic BP vs. placebo (-
4+16 vs. 2+15 mmHg, p=0.045, Cohen’s d=0.42), and had a small (but non-
statistically significant) improvement in functional capacity (0.64+5.10 vs. -1.43+5.04
ml/kg/min, p=0.06, Cohen’s d=0.4). When treatment effects were expressed as the
change in submaximal exercise systolic BP relative to the change in functional
capacity, a larger effect size was observed (-0.3+1.1 vs. 0.3+1.1 mmHg/ml.kg.min?,
p=0.01, Cohen’s d=0.58), but was not explained by improved aortic stiffness.
Conclusions. Spironolactone reduces submaximal exercise BP, but this treatment
effect may be hidden by improved functional capacity and a non-fixed workload.
Exercise BP should be measured at a low intensity and fixed workload where the
influence of fitness on exercise BP is removed. Subsequently the effects of therapy on

exercise BP can be appreciated.
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6.2 INTRODUCTION

Blood pressure (BP) is routinely measured during clinical exercise testing.
Hypertensive BP responses during submaximal exercise intensity can occur in some
individuals and are associated with an elevated risk of cardiovascular mortality,[9,242]
future hypertension,[11] and reveal high BP undetected by the measurement of resting
BP.[10,69,205] Therefore, the BP response at submaximal exercise may be an
important clinical signal for identifying hypertension-related CVD risk beyond current

strategies focussed on resting BP.

Independent of BP, the potassium sparing diuretic spironolactone can improve aortic
stiffness and left ventricular systolic strain,[165,174,243] as well as improve left
ventricular diastolic volume.[173,176,244] These factors which unload pressure on the
left ventricle and improve cardiac function may contribute to increased functional
capacity.[165,173,244] Higher functional capacity enables individuals to achieve
greater workloads at an exercise intensity relative to maximal heart rate, but this is also
associated with increased maximal exercise BP.[98] On the other hand, these
individuals have lower BP and heart rate response when the workload is fixed during
submaximal exercise.[46,139,144] Therefore, the assessment of exercise BP without
considering changes in functional capacity brought about by any intervention
(including medications such as spironolactone), may lead to clinical misinterpretation
of exercise BP. To our knowledge the effect of spironolactone on exercise BP after
considering (correcting for) functional capacity has never been examined and was the
aim of this study. We hypothesised that the treatment effect of spironolactone on

exercise BP may be masked by changes in functional capacity.
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6.3 METHODS
Data were analyzed retrospectively from a randomized double-blind controlled clinical
trial of spironolactone (25 mg/d) compared with identical placebo over three months

(http://www.anzctr.org.au; clinical trial ID: ACTRN12609000835246), which the

primary outcomes have been published.[165] Participants included people who had a
hypertensive systolic BP response to maximal exercise (>210 mmHg in men; >190
mmHg in women).[42] Participants were excluded from the trial if an exercise stress
test echocardiogram was positive for ischemia, uncontrolled resting BP >140/90
mmHg, previous diagnosis for hypertension or were already on antihypertensive
medication, had renal dysfunction defined as serum creatinine >2mg/dl, had a history
of gynecomastia, had been prescribed regular nonsteroidal inflammatory medication
or were pregnant. Of the 110 participants who were included in the original trial, 102
participants (49 in the control group and 53 in the spironolactone group) had the
measurement of BP taken during a submaximal exercise cycling test at baseline and
follow up and were included in this analysis. In addition, 88 participants (39 in the
control group and 49 in the spironolactone group) had functional capacity measured
during a separate treadmill test at baseline and follow-up. The Princess Alexandra
Hospital Research Ethics Committee provided approval for this trial, and all

participants gave written informed consent.

Submaximal and maximal exercise BP was measured in duplicate using mercury
sphygmomanometry by a trained technician according to recommendations.[7]
Submaximal exercise BP was measured while participants were cycling at a steady
state heart rate after three-to-five minutes at the same exercise intensity and workload.
Participants began cycling at a cadence of 50 rpm and a workload of 50 Watts. The
workload was adjusted until each participant reached 50, 60 or 70% of age-predicted

maximum heart rate (220 — age x target percentage of heart rate). This exercise
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intensity was chosen because it is at the same intensity where exercise BP is associated
with elevated BP-related CVD risk. Moreover, exercise BP measured at a steady-state
heart rate was attained while cycling because it was not possible during the Bruce
treadmill protocol with workloads increasing every three minutes. Submaximal
exercise BP was measured at the same intensity while cycling at baseline and follow-
up. Maximal exercise BP was measured upon maximal exhaustion of a Bruce treadmill

exercise test.

Maximal oxygen capacity was obtained as a measure of functional capacity using
indirect calorimetry (Vmax29c; Sensormedics, Yorba Linda, CA) during a graded

treadmill stress test to exhaustion (Bruce protocol).

Central BP and aortic stiffness were measured in duplicate at supine rest by carotid-
to-femoral pulse wave velocity using applanation tonometry (SphygmoCor 7.1. AtCor

Medical Pty Ltd, Sydney, Australia).

Statistical analyses was performed on participants with measures completed at pre-
and post-intervention timepoints. All data are presented as the mean + standard
deviation (SD). Variable distributions were assessed using a Shapiro-Wilk test,
Levene’s test of equality of variance, and visually assessed using Q-Q plots. Outliers
were assessed using Q-Q plots and defined as observations greater than 3.3 or less than
-3.3 standardized residuals.[245] Baseline and change from baseline to follow-up
comparison between treatment groups were assessed using t-tests for normally
distributed data and Mann-Whitney U tests for non-normally distributed data. The
quotient of the changes in exercise BP and functional capacity was used to determine
the treatment effect on exercise BP taking into consideration changes in functional
capacity. Chi-Squared tests were used to assess baseline differences between treatment

groups for categorical variables. Multiple linear regression was performed to compare
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the change between treatment groups after adjusting for confounding variables. Effect
size was calculated to determine the magnitude of the difference between treatment
groups using Cohen's d (0.3-0.5 small effect size, 0.5-0.8 moderate effect size, and
>0.8 large effect size).[246] A p-value <0.05 was considered statistically significant.

Data were analysed using R for Windows (version 3.5.1, Boston, Massachusetts).

6.4 RESULTS

On average, participants were of middle-to-older age, male, non-smokers with a raised
body mass index and low functional capacity (Table 6.1). There was no difference in
participant characteristics between treatment groups, except the spironolactone group
had a higher percentage of participants who self-reported being diagnosed with type 2
diabetes mellitus compared to the placebo group. There was no difference between
control and treatment groups in the number of participants that cycled at 50, 60 and
70% of age-predicted maximal heart rate (n=4 and 5; n=19 and 17; n=26 and 31,

respectively; p=0.77).
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Table 6.1. Baseline and follow up clinical characteristics of study participants by treatment group. Q
Placebo (n = 49) Spironolactone (n = 53) P-value between groups @

Variable Pre-treatment  Post-treatment Pre-treatment Post-treatment  Pre-treatment Post-treatment Si
Age, years 55 (8) - 54 (9) - 0.507 - -
Male sex, n (%) 27 (55) - 31 (59) - 0.730 - S
Height, cm 171.4 (9.4) - 171.3 (9.8) - 0.968 - 3 S
Weight, kg 84.4 (15.8) 85.5 (16.1) 88.1 (15.4) 87.3 (15.1) 0.228 0.524 S %
Body mass index, kg/m? 28.6 (3.9) 28.8 (4.0) 30.1(5.2) 28.6 (7.7) 0.112 0.902 E 3
Type 2 diabetes mellitus, n (%) 3 (6) - 10 (20) - 0.045 - };i
Smoking status, n (%) 5 (10) - 1(3) - 0.105 - Y3
Resting systolic blood pressure, mmHg 126 (12) 124 (11) 126 (11) 121 (11) 0.942 0.271 § §
Resting diastolic blood pressure, mmHg 73 (7) 74 (8) 74 (8) 72 (7) 0.319 0.176 8 §,
Total Cholesterol, mmol/L 5.3(0.9) 5.2 (0.9) 5.3(1.0) 5.1(1.0) 0.868 0.755 3 é
Triglycerides, mmol/L 1.5(1.1) 1.4(1.1) 1.6 (1.2) 1.4 (1.0) 0.481 0.929 R 8
High density lipoprotein cholesterol, mmol/L 1.4 (0.4) 1.3(0.4) 1.3(0.4) 1.4 (0.4) 0.429 0.667 %f
Low density lipoprotein cholesterol, mmol/L 3.3(0.8) 3.2 (0.8) 3.3(1.0) 3.2(0.9) 0.905 0.622 § i;
Fasting glucose, mmol/L 5.9 (2.2) 6.1 (2.5) 6.0 (1.8) 6.1(2.2) 0.723* 0.473* 2“: g
HbAlc, % 5.9 (1.0) 5.9 (1.0) 6.0 (1.3) 6.0 (1.4) 0.624* 0.606* S §
Statin use, n (%) 10 (20) - 7(14) - 0.533 - ® g
Data presented as mean (SD). * represents when the comparison between treatment groups required a Mann Whitney U test to be performed for g
analysis. 3
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Table 6.2 shows the between-group changes in submaximal and maximal exercise BP
from baseline to follow up. Spironolactone improved submaximal exercise systolic BP
compared to placebo (-4+16 vs. 2+15 mmHg, p=0.045, Cohen’s d=0.42), and had a
small (but non-statistically significant) relative improvement in functional capacity
(0.6415.10 vs. -1.43+5.04 ml/kg/min, p=0.06, Cohen’s d=0.4). When treatment effects
were expressed as the change in submaximal exercise systolic BP relative to the
change in functional capacity, a larger effect size was observed (-0.3+1.1 vs 0.3+1.1
mmHg/ml.kg.min, p=0.01, Cohen’s d=0.58). Spironolactone also improved maximal
exercise systolic BP compared to placebo, as well as the ratio of maximal exercise
systolic BP to functional capacity. There were no between-group differences in the
change in submaximal and maximal exercise diastolic BP or change in the exercise
diastolic BP/functional capacity ratio. All observed between-group effects after
adjustment for type 2 diabetes mellitus were similar to unadjusted results, except for

an increased effect size for the change in submaximal exercise systolic BP.

Change in aortic pulse wave velocity and central BP from baseline to follow up are
presented in Table 6.2. Spironolactone improved aortic pulse wave velocity and central
BP with a moderate effect size compared to placebo, which remained after adjusting
for the presence of type 2 diabetes mellitus. The improvement in aortic pulse wave
velocity had a weak association with the decrease in exercise systolic BP at
submaximal (r=0.195, p=0.062) and maximal intensities (r=0.218, p=0.041). The
improvement in aortic pulse wave velocity had no association with the decrease in
exercise systolic BP/functional capacity ratio at submaximal (r=0.012, p=0.918) or

maximal exercise (r=0.005, p=0.962).
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Table 6.2. Hemodynamic and arterial stiffness characteristic changes from baseline to follow up between spironolactone and placebo group.

Placebo (n = 49)

Spironolactone (n = 53)

Between treatment groups

Change
n Baseline Followup Change n  Baseline Followup Change . , Effect
p-value . Pp-value b
ze size
Submaximal exercise
SBP, mmHg 49 175(23) 177 (23) 2(15) 53 177(21) 174 (23) -4 (16) 0.079  0.35 0.045 0.42
DBP, mmHg 49 83 (10) 82 (12) -1(10) 53  83(10) 80 (10) -3(9) 0279  0.22 0.087 0.28
SBP / functional capacity,
mmHg/ml kg.min™ 39 58(16) 61(15 03(1) 49 6.1(19 5817 -03(11) 0014 054 0.014 0.58
DBP / functional
capacity, 39 27(6) 28(.7 01(6) 49 29(.9 27(0.7) -02(.6) 0017 052 0.014 0.54
mmHg/ml.kg.mint
Maximal exercise
Functional capacity, 31.8 -1.4
mi/kg/min 39 (7.3) 30.4 (6.1) (5.0) 49 31.3(8.2) 329(81) 0.6(.1) 0.06 0.4 0.07 0.4
SBP, mmHg 43 216(16) 215(16) -1(11) 51 222(16) 213(18) -8 (12) 0.049 057 0.044 0.57
DBP, mmHg 43  95(12) 93 (14) -2(9) 51 92(14) 90 (13) -2 (12) 0.810 0.05 0.859 0.03
;?:F:gf/‘ﬂfgﬁ:'"f_?pac'ty’ 39 7.1(16) 7.4(L6) 03(L3) 49 75(20) 7.(L7) -05(12) 0011 056 0016 057
DBP / functional
capacity, 39 31(08) 32(0.8) 01(06) 49 32(1.0)0 30(.9 -02(.7 0077 038 0.1 0.38
mmHg/ml.kg.min?
Aortic pulse wave 42 82(L7) 86(22) 04(10) 507 84(L9 81(L6) -03(0.9) 002 049 001 055

velocity, m/s
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Resting central SBP 44 114(10) 113(11) -1(9) 51 113(11) 109 (10)  -4(8) 004 043 003 044
Resting central DBP 44 74(7) 75 (8) 1(7) 51  75(8) 73 (7) -2 (6) 002 050 001  0.53

Data presented as mean (standard deviation). BP, blood pressure; DBP, diastolic BP; SBP, systolic BP. Submaximal exercise BP measured at a fixed
intensity of 50, 60 or 70% age-predicted maximal heart rate while upright cycling. Maximal exercise BP was measured up upon exhaustion of a Bruce
Treadmill test. 2effect size unadjusted for the difference in those with type 2 diabetes mellitus between treatment groups; Peffect size after performing
multiple linear regression analyses to adjust for the difference in those with type 2 diabetes mellitus between treatment groups. TOne participant was
considered an outlier and was excluded.
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6.5 DISCUSSION

The key finding of this study was that the full treatment effect of spironolactone on
submaximal exercise systolic BP was hidden by an improvement in functional capacity.
Other studies have reported the effects of antihypertensive therapy on exercise BP
separate from the effects on functional capacity[165,173] or exercise test
duration.[247-249] To our knowledge, this current study is the first to take into
consideration the relative changes in both exercise BP and functional capacity
(cardiorespiratory fitness). This is an important step that reveals a potential deficiency
relevant to the clinical interpretation of exercise stress test results. Specifically, that a
lack of change (decrease) in exercise systolic BP following therapy could be from
improved functional capacity, as a result of people exercising at the same relative
intensity but at a greater workload, and thereby accompanied by higher exercise

BP.[98]

The stronger likelihood of having uncontrolled BP among people with high exercise
systolic BP should warrant consideration of initiating or up-titrating antihypertensive
treatment, or further investigation to confirm BP control.[10,69,205] However,
consideration of fitness is also critical because a hypertensive response to exercise can
occur in healthy athletes with high fitness as well as those with disease and low
fitness.[43,83,242] Importantly, a hypertensive response to exercise occurs more
predominantly towards maximal intensity among individuals with higher fitness
because of achieving higher workloads relative to people with lower fitness.
Conversely, a hypertensive response to exercise is observed during submaximal
intensities and lower exercise workloads among people with low fitness and increased
disease burden.[46,145] At lower exercise workloads, people with higher fitness or
athletes are working at a much lower intensity relative to people of lower fitness, and

thus have lower relative BP.[46,144] These previous data, together with the findings
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of this study, emphasize that the most clinically relevant exercise BP occurs at a low
intensity and fixed workload (e.g. first or second stage of a Bruce treadmill protocol)
where the influence of fitness on exercise BP is removed. This is also where the higher
quality exercise BP measures can be recorded without the extra noise and movement
artefact that occurs at maximal exercise.[7] Our observations extend on these
observations by showing that fitness should also be considered when assessing the

effect of treatment on exercise BP.

The small improvement in functional capacity following spironolactone may be
explained by several factors. Firstly, spironolactone can improve peak early diastolic
velocity, left wventricular filling pressure, untwisting rate, and systolic
strain,[173,176,243,244] which in-turn may also increase functional capacity.[173,244]
Secondly, spironolactone reduces large artery (aortic) stiffness,[165,174] which will
enhance ventricular-vascular interaction, decrease systolic BP and left ventricular
afterload, altogether contributing towards improved functional capacity.[250,251]
Having said this, such an effect was not statistically evident in the findings of this
current study. Thirdly, the higher post-intervention functional capacity may be
achieved by improving endothelial function and increasing blood flow (and oxygen
supply) to the active muscles.[252,253] Thus, spironolactone has multiple effects that
improve cardiovascular function and exercise reserve, increasing the possibility of
exercise at higher external workloads despite the same relative exercise intensity,

potentiating higher exercise BP.

This study was a retrospective analysis of data recorded within a randomized control
trial and the findings will need to be reproduced elsewhere. This includes assessing if
findings are similar when exercise BP is normalised with other variables obtained from

the cardiopulmonary test, e.g. peak workload and ventilatory threshold, that were
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unavailable in this analysis. Exercise BP and functional capacity may also differ when
obtained during cycle ergometry compared to treadmill.[31,254] Thus, the results may
not be generalized to other exercise modalities beyond the cycling protocol used in
this study, nor to other antihypertensive agents, e.g. furosemide or amiloride, that
induce a change in BP similar to spironolactone but without vascular remodelling. We
also cannot exclude that other medication (such as metformin) may be interacting with
spironolactone and be confounding the results of this study. Although this study was
a randomized control trial, we could not preclude participants from changing their
level of lifestyle activities (such as physical activity) and this could have influenced
the results. Finally, aortic stiffness was measured at rest, which may return different
results to that measured during exercise,[255] and potentially underappreciating the

influence of large artery function on changes in exercise BP.

Conclusion. Spironolactone reduces submaximal exercise BP, but its full treatment
effects on BP may be hidden by concomitant increases in functional capacity in the
absence of a fixed workload. This highlights that the most clinically relevant exercise
BP is at a low intensity and fixed workload (e.g. first or second stage of a Bruce
treadmill protocol) where the influence of fitness on exercise BP is removed and the

full effects of therapy can be appreciated.

Practical implications
e This study highlights how the effect of treatment on submaximal exercise BP
could be masked by a concomitant improvement in functional capacity by the
drug.
e Taking into consideration the relative changes in both exercise BP and
functional capacity is an important step that reveals a potential deficiency

relevant to the clinical interpretation of exercise stress test results.
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e Clinicians and researchers should pay attention on exercise BP measured at a
low-intensity and fixed workload, where the influence of functional capacity is

removed and the full effects of therapy can be appreciated.

6.6 CONTRIBUTION OF STUDY TO THESIS AIMS
The effect of an intervention (i.e. lifestyle medication or pharmacotherapy) on
exercise BP is varied. However, an intervention may also improve other CVD risk
factors that influence the BP response to exercise. The results of Study 5 have
shown that three months treatment with spironolactone can decrease exercise BP.
However, when the treatment effect of spironolactone was expressed as the change
in submaximal exercise systolic BP relative to the change in cardiorespiratory
fitness, a larger effect size was observed. This suggests improvement in
cardiorespiratory fitness may change the workload at which time exercise BP is
measured, i.e., taken at a higher workload relative to intensity (based on age-
predicted maximal heart rate). Therefore, from the findings of Study 5, clinicians
and allied health professionals should fix the external workload to correctly

interpret the effect of treatment on the BP response to exercise.
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7 SUMMARY, FUTURE DIRECTIONS AND CONCLUSIONS

7.1 SUMMARY OF RESULTS.

The first section of this thesis has shown that exercise BP is associated with cardiac
structure (Chapter 3) and several CVD risk factors (Chapters 4 and 5). Those with an
HRE also had a higher risk of LV hypertrophy and a poorer CVD risk profile compared
to those without an HRE, irrespective of clinic BP (Chapters 3 and 4). Exercise BP
was associated with many CVD risk factors via a relation with clinic BP. However,
age, sex, waist-to-hip ratio and cardiorespiratory fitness influenced exercise BP
independently of clinic BP (Chapter 5). Taken all together, an HRE is likely indicative

of uncontrolled high BP-related CVD risk potentially missed at rest.

The second part of this thesis has highlighted several methodological factors related to
exercise BP measurement. In Study 1, the automated measurement of BP during a
standard exercise test had good concordance with manual auscultation. Thus,
automated measurement of BP may be a suitable alternative to manual measurement
of BP during clinical exercise testing among individuals with type 2 diabetes mellitus.
In Study 5, the treatment effect of spironolactone on exercise BP was masked by a
simultaneous improvement in cardiorespiratory fitness. These data highlight that
exercise BP should be measured at a fixed workload to aid appropriate clinical

interpretation.

Overall, the original studies in this thesis advance the understanding and highlight the
potential importance of measuring exercise BP to identify CVD risk related to high

BP.

7.2 IMPLICATIONS OF RESEARCH AND FUTURE DIRECTIONS.
Manual measurement of BP during clinical exercise testing is the recommended

standard [6,7,36]. However, automated measurement of BP is also used in clinical
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practice [6,7,36]. Data is scarce on whether the measurement of BP during exercise
with an automated BP device is concordant with manual auscultation [86,87,94-97].
The results of Study 1 that show the measurement of exercise BP with the Tango+
automated BP device has good-to-excellent concordance with manual auscultation
among individuals with type 2 diabetes mellitus and could give clinicians and allied
health professionals confidence that the measurement method used during an exercise
test may not influence the clinical interpretation of the BP response. However, the
results of Study 1 are specific to the Tango+ automated BP device, which may handle
noise and movement artifact differently to other devices in order to measure exercise
BP. Indeed, the automated BP device used by Modesti et al.[86] uses a spectral
analysis of sounds perceived by the microphone during the inflation of the cuff. In
contrast, the Colin STBP-680 used by Lightfoot et al.[256] uses the QRS complex
from an electrocardiogram to trigger when the device should sample for the Korotkoff
sounds. How noise and movement artifact is handled by automated BP devices during
clinical exercise tests should be considered in the validation protocols written by peak
professional bodies as well as by clinicians and allied health professionals that interpret
the BP response during exercise. The exercise testing methods used in Study 1 to
investigate the concordance between manual and automated measurement of BP were
also different to the various procedures performed in earlier studies (Table 1.2).
However, a standard treadmill exercise test that is regularly performed in cardiology
departments worldwide was used in Study 1. Future studies could investigate if the
automated measurement of BP during exercise tests is concordant with manual
auscultation at different (high) intensities consistent between various exercise
modalities. This future work would help peak professional bodies develop a
standardised approach to investigate the validation of new automated BP devices to

measure BP during clinical exercise tests. This future work may also be helpful for
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companies that design and produce automated BP devices to accurately measure BP

during an exercise test.

Determining the concordance between manual and automated exercise BP is important
because an HRE during submaximal intensities is an independent signal of elevated
CVD risk and may indicate high BP-related CVD risk missed at rest [9-11]. The
findings of Study 1 may give clinicians and allied health professionals the confidence
to use the Tango+ automated device to evaluate the BP response to exercise without
necessarily confirming the result with manual auscultation. However, whether
physiological factors among those with chronic disease, e.g. raised aortic stiffness,
influence the measurement of BP during exercise should be determined in future
research. Peak professional bodies should also seek to determine a standardised

protocol for the validation of an automated BP device during an exercise test.

Chronically high BP can result in structural cardiac damage [73]. Elevated BP-related
structural cardiac parameters include LV hypertrophy and left atrial enlargement,
which also independently predict the risk of CVD mortality, heart failure and cardiac
arrhythmia [257,258]. However, clinicians may not investigate cardiac structure if
clinic BP is normal and thus, miss an opportunity to perform other tests to assess CVD
risk and intervene with lifestyle modification or pharmacotherapy. The results of Study

2 may encourage clinicians to investigate cardiac structure in individuals with an HRE.

In Study 2, structural cardiac remodelling was similar (elevated) among those with an
HRE that were also athletic, apparently healthy or had a chronic disease. To
differentiate between a ‘pathological’ and ‘physiological’ BP response to exercise, it
is recommended that exercise BP be measured at a submaximal and fixed external
workload [239]. This recommendation to interpret the BP response free from the

influence of cardiorespiratory fitness may help distinguish between structural cardiac
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remodelling that is pathological from a normal physiological response and should be
investigated in future research. This future research is potentially important for
individuals with extremely high cardiorespiratory fitness with an HRE during maximal
intensities that are appear to be at elevated risk of future high BP-related CVD [64,259],
despite having no difference in ventricular-vascular function or resting cardiovascular
abnormalities compared to those without an HRE [45,77,260]. This future work would
also help clinicians, allied health professionals, and sports scientists triage individuals
(including athletes) with an HRE that requires follow-up care related to high BP-

related CVD risk.

In Study 3, those with an HRE had a poorer CVD risk profile compared to those
without an HRE, irrespective of clinic BP. As uncontrolled high BP clusters with other
CVD risk factors [148,149], allied health professionals that supervise an exercise test
and notice an HRE are recommended to report this finding as a red flag, which should
prompt the referring clinician to assess BP control with 24-hour ambulatory
monitoring to rule out underlying hypertension. This recommendation is consistent
with some clinical guidelines for exercise testing [72,261], but is different from
international hypertension guidelines because of the lack of standardisation in exercise
test methodologies [25]. Therefore, there is a need to standardise the exercise testing
methods used between studies to determine a clinically meaningful BP response to
exercise. However, the consistent results in Study 3 suggest clinicians and allied health
professionals can be confident that an HRE (during any intensity and modality) is an
important indicator of elevated CVD risk irrespective of clinic BP. Therefore, the
different clinical guidelines written by various peak professional bodies should be
harmonised to suggest that an HRE (during any type of exercise test) is an important
indicator of elevated CVD risk, which should require follow-up care of BP control.

This harmonisation of different clinical guidelines would also decrease the
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ambivalence of clinicians and health professionals to use the measurement of exercise
BP as a clinical tool for the assessment of CVD risk.

Fifty percent (50%) of those with high BP have one or more other CVD risk factors
[149], most commonly type 2 diabetes mellitus, lipid disorders and metabolic
syndrome [149]. Whether the poorer CVD risk profile among those with an HRE in
Study 3 was above ‘clinically meaningful’ thresholds is unknown (e.g. HbA1C > 6.5%,
fasting glucose > 7.0 mmol/L, total cholesterol > 4.0 mmol/L, low-density lipoprotein
cholesterol > 2.0 mmol/L or high-density lipoprotein < 1.0 mmol/L) [182,262].
Findings of this future work may indicate that those with an HRE are also at elevated
risk of other chronic conditions and could incline clinicians to complete blood tests to

investigate CVD risk further.

Future work that aims to determine thresholds of exercise BP that denote increased
CVD risk could be integrated into the algorithm of automated BP devices and act as a
warning signal to alert clinicians to provide follow-up care. The threshold of an HRE
during a submaximal workload, such as the first or second stage of a Bruce treadmill
test, is likely more important than when BP is measured during maximal/peak exercise
intensities for several reasons. Firstly, an HRE at submaximal (rather than maximal)
intensities is associated with higher risk of cardiovascular mortality and incident
hypertension [9,11]. Secondly, there is no difference in the mean difference in cardiac
structure or CV risk factors between those with and without an HRE when exercise
BP was measured at submaximal or maximal intensities (Studies 2 and 3). Thirdly,
submaximal exercise BP is likely less influenced by noise and movement artifact and
can reveal the presence of hypertension undetected at rest [10]. Fixing the workload
during submaximal exercise intensities would also remove the influence of
cardiorespiratory fitness on the interpretation of exercise BP [239]. The Exercise Stress

Test Collaboration Project is currently underway and aims to determine thresholds of
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exercise BP associated with acute and long-term CVD risk amongst a large clinical set
of exercise test results from around Australia. The results of this study will enable
supervising medical and health professionals to provide appropriate follow-up care to
reduce the acute and long-term risk of CVD. The results of this future research will
also be additive to current exercise science and hypertension guidelines, which tend to

only include evidence on the prognostic value of an HRE at maximal/peak intensities.

Individuals in low-income countries are at higher risk of BP-related CVD compared
to those in high-income countries [3,263]. Moreover, BP control is still poorly
screened and managed in low-income countries with only ~10% individuals reported
to have controlled BP [264]. Therefore, there is a need to improve the detection and
treatment strategies to better control BP in low-income countries. Exercise tests are
performed in hospitals in low-income countries [265]. Therefore, exercise BP may be
an opportunity to improve the screening of high BP with no additional cost to the
healthcare service. Future research should aim to better understand whether the
exercise BP may improve the detection of high BP-related CVD risk in low-income

countries.

In Study 4, clinic BP, waist-to-hip ratio and cardiorespiratory fitness were most
strongly associated with exercise BP. This finding may suggest that clinicians and
allied health professionals recommend lifestyle modification to most effectively
decrease the CVD risk associated with exercise BP. The different pathways of
association found in Study 4 may also help understand how other interventions (i.e.
pharmacotherapy and surgery) can decrease exercise BP. For example, an intervention
with a beta-blocker medication may decrease exercise BP via a reduction in heart rate
and clinic BP, whilst surgical interventions that improve body composition (e.g. body
mass index and waist-to-hip ratio) could reduce exercise BP via a decline in blood-

related CVD risk factors, heart rate, and clinic BP. These possible causal relationships
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between exercise BP and different CVD risk factors could be further investigated in
future studies with longitudinal or clinical trial data. Taken all together, this future
work could help guide and inform public health services, clinicians and other health
professionals on what prevention and treatment interventions could most effectively

decrease exercise BP and its associated CVD risk.

Historically, the association between CVD outcomes and different exposures have
been assessed with statistical methods such as Pearson’s correlation or linear
regression. Indeed, these traditional statistical methods are helpful to understand the
direct (and independent) associations between an outcome and an exposure. However,
the relationship between an outcome and an exposure via a second (or third) exposure
cannot be quantified. In Study 4, exercise BP was associated with body composition
and cardiorespiratory fitness via a relationship with several CVD risk factors
(including clinic BP), which only became apparent with the SEM. An SEM is
extensively used in sociological and general epidemiological research but is still hardly
used in medical research. Therefore, more medical and health researchers are
encouraged to use SEM to understand the possible and various pathways of association
between different CVD outcomes and risk factors. This work would also guide
prevention and treatment strategies to decrease the burden of high BP-related CVD

risk.

In Study 5, the full treatment effect of spironolactone on submaximal exercise systolic
BP was hidden by the improvement in cardiorespiratory fitness. This finding may
explain why the effects of lifestyle modification and antihypertensive medication on
exercise BP has varied. Indeed, an intervention that improves cardiorespiratory fitness
could lead to a greater workload being achieved and increase exercise BP. If the
external workload is fixed, then the effect of treatment on exercise BP may be correctly

interpreted by individuals supervising the exercise tests. This interpretation of exercise
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BP with the consideration of cardiorespiratory fitness may be achieved during
submaximal fixed workloads (e.g. first or second stage of a Bruce treadmill protocol),
where there is good test-retest reliability [88], and where higher quality BP
measurements can be made [7]. Future studies should further investigate the influence
of cardiorespiratory fitness on submaximal exercise BP following treatment, and with

the relationship with CVD outcomes.

Because the focus of this thesis was on BP measured during exercise, how these results
may apply to BP measured after exercise (post exercise BP) is unknown. Future studies
could investigate whether the physiological mechanisms are different between
exercise BP and post-exercise BP. Future research could also investigate if post-
exercise BP differs by mode of exercise, body position, or exercise intensity. This
research may help clinicians and allied health professionals use the BP response during

an exercise test to better evaluate risk of CVD.

7.3 CONCLUSIONS

This thesis has identified several clinically relevant results related to the understanding
of exercise BP. Exercise BP was found to share a relationship with several CVD risk
factors and different structural cardiac parameters. These results were also consistent
irrespective of clinic BP. These results may further highlight that exercise BP may be
useful for the identification of high BP and its related CVD risk otherwise missed at
rest. There appears to be good concordance between manual and automated
measurement of exercise BP, suggesting the type of method used to measure exercise
BP may not influence clinical interpretation. The assessment of exercise BP without
considering changes in cardiorespiratory fitness brought about by an intervention may

mask treatment effects on exercise BP. Therefore, measurement of exercise BP should
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be at a fixed submaximal workload where the effect of changes in cardiorespiratory

fitness are removed.

The findings in this thesis inform that the different clinical guidelines should include
information on the high BP-related CVD risk associated with the BP response to
exercise. This thesis has also discussed several methodological factors that clinicians
and other health professionals should consider for the correct interpretation of an HRE
and its related CVD risk. Ultimately, this research highlights the potential opportunity
the measurement of exercise BP has for the identification of high BP-related CVD risk

beyond standard clinic BP, which may assist in decreasing the global burden of CVD.

122



References

REFERENCES

1

Danaei G, Lu Y, Singh GM, Carnahan E, Stevens GA, Cowan MJ, et al.
Cardiovascular disease, chronic kidney disease, and diabetes mortality burden
of cardiometabolic risk factors from 1980 to 2010: A comparative risk
assessment. Lancet Diabetes Endocrinol 2014; 2:634-647.

Zhou B, Carrillo-Larco RM, Danaei G, Riley LM, Paciorek CJ, Stevens GA,
et al. Worldwide trends in hypertension prevalence and progress in treatment
and control from 1990 to 2019: a pooled analysis of 1201 population-
representative studies with 104 million participants. Lancet 2021; 398:957—
980.

Mills KT, Bundy JD, Kelly TN, Reed JE, Kearney PM, Reynolds K, et al.
Global Disparities of Hypertension Prevalence and Control: A Systematic
Analysis of Population-Based Studies From 90 Countries. Circulation 2016;
134:441-450.

De La Sierra A, Vinyoles E, Banegas JR, Segura J, Gorostidi M, De La Cruz
JJ, et al. Prevalence and clinical characteristics of white-coat hypertension
based on different definition criteria in untreated and treated patients. J
Hypertens 2017; 35:2388-2394.

Banegas JR, Ruilope LM, de la Sierra A, de la Cruz JJ, Gorostidi M, Segura J,
et al. High prevalence of masked uncontrolled hypertension in people with
treated hypertension. Eur Hear J 2014; 35:3304-3312.

Fletcher GF, Balady GJ, Amsterdam EA, Chaitman B, Eckel R, Fleg J, et al.
Exercise standards for testing and training: a statement for healthcare
professionals from the American Heart Association. Circulation 2001;
104:1694-1740.

Sharman JE, LaGerche A. Exercise blood pressure: clinical relevance and

123



References

10

11

12

13

14

15

16

correct measurement. J Hum Hypertens 2015; 29:351-358.

Myers J, Arena R, Franklin B, Pina I, Kraus WE, Mclnnis K, et al.
Recommendations for clinical exercise laboratories: a scientific statement
from the american heart association. Circulation 2009; 119:3144-3161.
Schultz MG, Otahal P, Cleland VJ, Blizzard L, Marwick TH, Sharman JE.
Exercise-induced hypertension, cardiovascular events, and mortality in
patients undergoing exercise stress testing: a systematic review and meta-
analysis. Am J Hypertens 2013; 26:357-366.

Schultz MG, Hare JL, Marwick TH, Stowasser M, Sharman JE. Masked
hypertension is “unmasked” by low-intensity exercise blood pressure. Blood
Press 2011; 20:284—-289.

Schultz MG, Otahal P, Picone DS, Sharman JE. Clinical Relevance of
Exaggerated Exercise Blood Pressure. J Am Coll Cardiol 2015; 66:1843—
1845.

Australian Government. Medicare australia: Medicare items processed from
january 2019 to december 2019; item 11712; multi channel ecg monitoring
and recording during exercise.

Australian Government. Medicare australia: Medicare items processed from
january 2019 to december 2019; item 10953; exercise physiology.
Thompson PD. Exercise prescription and proscription for patients with
coronary artery disease. Circulation 2005; 112:2354-2363.

Myers J, Prakash M, Froelicher V, Do D, Partington S, Atwood JE. Exercise
capacity and mortality among men referred for exercise testing. N Engl J Med
2002; 346:793-801.

Unger T, Borghi C, Charchar F, Khan NA, Poulter NR, Prabhakaran D, et al.

2020 International Society of Hypertension Global Hypertension Practice

124



References

17

18

19

20

21

22

23

24

25

Guidelines. Hypertension 2020; 75:1334-1357.

Sebo P, Pechére-Bertschi A, Herrmann FR, Haller DM, Bovier P. Blood
pressure measurements are unreliable to diagnose hypertension in primary
care. J Hypertens 2014; 32:509-517.

Campbell NRC, Myers MG, McKay DW. Is usual measurement of blood
pressure meaningful? Blood Press Monit 1999; 4.71-76.

Kallioinen N, Hill A, Horswill MS, Ward HE, Watson MO. Sources of
inaccuracy in the measurement of adult patients’ resting blood pressure in
clinical settings: a systematic review. J Hypertens 2017; 35:421-441.
Hansen TW, Kikuya M, Thijs L, Bjorklund-Bodegard K, Kuznetsova, Tatiana
Ohkubo T, Richart T, et al. Prognostic superiority of daytime ambulatory over
conventional blood pressure in four populations : a meta-analysis of 7030
individuals. J Hypertens 2007; 25:1554-1564.

Pickering TG, Davidson K, Gerin W, Schwartz JE. Masked hypertension.
Hypertension 2002; 40:795-796.

Mancia G, Facchetti R, Bombelli M, Grassi G, Sega R. Long-term risk of
mortality associated with selective and combined elevation in office, home,
and ambulatory blood pressure. Hypertension 2006; 47:846-853.

Asayama K, Thijs L, Li Y, Gu YM, Hara A, Liu YP, et al. Setting thresholds
to varying blood pressure monitoring intervals differentially affects risk
estimates associated with white-coat and masked hypertension in the
population. Hypertension 2014; 64:935-942.

Bobrie G, Clersonb P, Menard J, Postel-Vinaya N, G C, Plouina P. Masked
Hypertension: A Systematic Review. J Hypertens 2008; 26:1715-1725.
Williams B, Mancia G, Spiering W, Agabiti Rosei E, Azizi M, Burnier M, et

al. 2018 ESC/ESH Guidelines for the management of arterial hypertension:

125



References

26

27

28

29

30

31

32

33

34

The Task Force for the Management Of Arterial Hypertension of the European
Society of Cardiology and the European Society of Hypertension. J Hypertens
2018; 36:1953-2041.

Schairer JR, Stein PD, Keteyian S, Fedel F, Ehrman J, Alam M, et al. Left
ventricular response to submaximal exercise in endurance-trained athletes and
sedentary adults. Am J Cardiol 1992; 70:930-933.

Bauer P, Kraushaar L, Hoelscher S, Weber R, Akdogan E, Keranov S, et al.
Blood Pressure Response and Vascular Function of Professional Athletes and
Controls. Sport Med Int Open 2021; 5:E45-E52.

Ekblom B, Astrand PO, Saltin B, Stenberg J, Wallstrom B. Effect of training
on circulatory response to exercise. J Appl Physiol 1968; 24:518-528.

Klein J, Cheo S, Berman DS, Rozanski A. Pathophysiologic factors governing
the variability of ischemic responses to treadmill and bicycle exercise. Am
Heart J 1994; 128:948-955.

Reed J. Blood pressure responses of sedentary African American women
during cycle and treadmill exercise. Ethn Dis 2007; 17:59-64.

Noel M, Jobin J, Marcoux A, Poirier P, Dagenais G, Bogaty P. Comparison of
myocardial ischemia on the ergocycle versus the treadmill in patients with
coronary heart disease. Am J Cardiol 2010; 105:633-639.

Fitzgerald BT, Ballard EL, Scalia GM. Estimation of the Blood Pressure
Response With Exercise Stress Testing. Hear Lung Circ 2019; 28:742-751.
Fleg JL, Oconnor F, Gerstenblith G, Becker LC, Clulow J, Schulman SP, et al.
Impact of Age on the Cardiovascular-Response to Dynamic Upright Exercise
in Healthy-Men and Women. J Appl Physiol 1995; 78:890-900.

Glaser S, Friedrich N, Koch B, Schaper C, Volzke H, Felix SB, et al. Exercise

Blood Pressure and Heart Rate Reference Values. Hear Lung Circ 2013;

126



References

35

36

37

38

39

40

41

42

22:661-667.

Fletcher GF, Ades PA, Kligfield P, Arena R, Balady GJ, Bittner VA, et al.
Exercise standards for testing and training: a scientific statement from the
American Heart Association. Circulation 2013; 128:873-934.

Balady GJ, Arena R, Sietsema K, Myers J, Coke L, Fletcher GF, et al.
Clinician’s Guide to cardiopulmonary exercise testing in adults: a scientific
statement from the American Heart Association. Circulation 2010; 122:191—
225.

Barlow PA, Otahal P, Schultz MG, Shing CM, Sharman JE. Low exercise
blood pressure and risk of cardiovascular events and all-cause mortality:
systematic review and meta-analysis. Atherosclerosis 2014; 237:13-22.
Assaf Y, Barout A, Alhamid A, Al-mouakeh A, Barillas-lara Ml, Fortin-
gamero S, et al. Peak Systolic Blood Pressure During the Exercise: Reference
values by sex and age and association with mortality. Hypertension 2021,
77:1-9.

O’Neal WT, Qureshi WT, Blaha MJ, Keteyian SJ, Brawner CA, Al-Mallah
MH. Systolic Blood Pressure Response During Exercise Stress Testing: The
Henry Ford Exerclse Testing (FIT) Project. J Am Hear Assoc 2015; 4.
doi:10.1161/JAHA.115.002050

Daida H, Allison TG, Squires RW, Miller TD, Gau GT. Peak exercise blood
pressure stratified by age and gender in apparently healthy subjects. Mayo
Clin Proc 1996; 71:445-52.

Dubach P, Froelicher VF, Klein J, Oakes D, Maleah G-M, Friis R. Exercise-
Induced Hypotension in a male population: criteria, causes and prognosis.
Circulation 1988; 78:1380-1388.

Lauer MS. Is There a Relationship between Exercise Systolic Blood Pressure

127



References

43

44

45

46

47

48

49

50

Response and Left Ventricular Mass? Ann Intern Med 1992; 116:203.

Scott JA, Coombes JS, Prins JB, Leano RL, Marwick TH, Sharman JE.
Patients with type 2 diabetes have exaggerated brachial and central exercise
blood pressure: Relation to left ventricular relative wall thickness. Am J
Hypertens 2008; 21:715-721.

Ren JF, Hakki AH, Kotler MN, Iskandrian AS. Exercise Systolic Blood
Pressure - a Powerful Determinant of Increased Left Ventricular Mass in
Patients with Hypertension. J Am Coll Cardiol 1985; 5:1224-1231.

Caselli S, Vaquer Segui A, Quattrini F, Di Gacinto B, Milan A, Assorgi R, et
al. Upper normal values of blood pressure response to exercise in Olympic
athletes. Am Hear J 2016; 177:120-128.

Kokkinos P, Pittaras A, Narayan P, Faselis C, Singh S, Manolis A. Exercise
capacity and blood pressure associations with left ventricular mass in
prehypertensive individuals. Hypertension 2007; 49:55-61.

Miyai N, Arita M, Morioka I, Miyashita K, Nishio I, Takeda S. Exercise BP
response in subjects with high-normal BP: exaggerated blood pressure
response to exercise and risk of future hypertension in subjects with high-
normal blood pressure. J Am Coll Cardiol 2000; 36:1626-1631.

Takamura T, Onishi K, Sugimoto T, Kurita T, Fujimoto N, Dohi K, et al.
Patients with a hypertensive response to exercise have impaired left
ventricular diastolic function. Hypertens Res 2008; 31:257-263.

Smith SA, Mitchell JH, Garry MG. The mammalian exercise pressor reflex in
health and disease. Exp Physiol 2006; 91:89-102.

Koletsos N, Dipla K, Triantafyllou A, Gkaliagkousi E, Sachpekidis V,
Zafeiridis A, et al. A brief submaximal isometric exercise test “unmasks”

systolic and diastolic masked hypertension. J Hypertens 2019; 37:17.

128



References

51

52

53

54

55

56

57

58

59

Bond V, Curry BH, Adams RG, Obisesan T, Pemminati S, Gorantla VR, et al.
Cardiovascular Responses to an Isometric Handgrip Exercise in Females with
Prehypertension. N Am J Med Sci 2016; 8:243-249.

Filipovsky J, Ducimetiere P, Safar ME. Prognostic significance of exercise
blood pressure and heart rate in middle-aged men. Hypertension 1992;
20:333-339.

Hedman K, Lindow T, Cauwenberghs N, Carlén A, ElImberg V, Brudin L, et
al. Peak exercise SBP and future risk of cardiovascular disease and mortality.
J Hypertens 2021; Publish Ah:1-10.

Michaelides AP, Liakos CI, Vyssoulis GP, Chatzistamatiou EI, Markou M,
Tzamou V, et al. The interplay of exercise heart rate and blood pressure as a
predictor of coronary artery disease and arterial hypertension. J Clin
Hypertens 2013; 15:162-170.

McHam SA, Marwick TH, Pashkow FJ, Lauer MS. Delayed systolic blood
pressure recovery after graded exercise: an independent correlate of
angiographic coronary disease. J Am Coll Cardiol 1999; 34:754-759.
Hashimoto M, Okamoto M, Yamagata T, Yamane T, Watanabe M, Tsuchioka
Y, et al. Abnormal systolic blood pressure response during exercise recovery
in patients with angina pectoris. J Am Coll Cardiol 1993; 22:659-664.

Huang CL, Su TC, Chen WJ, Lin LY, Wang WL, Feng MH, et al. Usefulness
of Paradoxical Systolic Blood Pressure Increase After Exercise as a Predictor
of Cardiovascular Mortality. Am J Cardiol 2008; 102:518-523.

Ellis K, Pothier CE, Blackstone EH, Lauer MS. Is systolic blood pressure
recovery after exercise a predictor of mortality? Am Hear J 2004; 147:287—
292.

Chen CY, Bonham AC. Postexercise hypotension: central mechanisms. Exerc

129



References

60

61

62

63

64

65

66

67

Sport Sci Rev 2010; 38:122-127.

Kenney MJ, Seals DR. Postexercise hypotension. Key features, mechanisms,
and clinical significance. Hypertension 1993; 22:653-664.

Wilson N, Meyer B. Early prediction of hypertension using exercise blood
pressure. Prev Med 1981; 10:62-68.

Singh JP, Larson MG, Manolio TA, O’Donnell CJ, Lauer M, Evans JC, et al.
Blood pressure response during treadmill testing as a risk factor for new-onset
hypertension. The Framingham heart study. Circulation 1999; 99:1831-1836.
Jae SY, Franklin BA, Choo J, Choi YH, Fernhall B. Exaggerated Exercise
Blood Pressure Response During Treadmill Testing as a Predictor of Future
Hypertension in Men: A Longitudinal Study. Am J Hypertens 2015; 28:1362—
1367.

Caselli S, Serdoz A, Mango F, Lemme E, Vaquer Segui A, Milan A, et al.
High blood pressure response to exercise predicts future development of
hypertension in young athletes. Eur Heart J 2019; 50:62—68.

Herkenhoff FL, Lima EG, Gongalves RA, Souza AC, Vasquez EC, Mill JG.
Doppler echocardiographic indexes and 24-H ambulatory blood pressure data
in sedentary middle-aged men presenting exaggerated blood pressure response
during dynamical exercise test. Clin Exp Hypertens 1997; 19:1101-1116.
Fossum E, Hoieggen A, Moan A, Rostrup M, Kjeldsen SE. Insulin sensitivity
is related to physical fitness and exercise blood pressure to structural vascular
properties in young men. Hypertension 1999; 33:781-786.

Lima EG, Spritzer N, Herkenhoff FL, Bermudes A, Vasquez EC. Noninvasive
ambulatory 24-hour blood pressure in patients with high normal blood
pressure and exaggerated systolic pressure response to exercise. Hypertension

1995; 26:1121-1124.

130



References

68

69

70

71

72

73

74

75

Tzemos N, Lim PO, MacDonald TM. Exercise blood pressure and endothelial
dysfunction in hypertension. Int J Clin Pract 2009; 63:202—-206.

Schultz MG, Picone DS, Nikolic SB, Williams AD, Sharman JE. Exaggerated
blood pressure response to early stages of exercise stress testing and presence
of hypertension. J Sci Med Sport 2016; 19:1039-1042.

Sharman JE, Hare JL, Thomas S, Davies JE, Leano R, Jenkins C, et al.
Association of masked hypertension and left ventricular remodeling with the
hypertensive response to exercise. Am J Hypertens 2011; 24:898-903.
Bratberg JA, Bulut E, Rieck AE, Lonnebakken MT, Hetland T, Gerdts E.
Determinants of systolic blood pressure response during exercise in
overweight subjects. Blood Press 2014; 23:200-205.

Niebauer J, Borjesson M, Carre F, Caselli S, Palatini P, Quattrini F, et al.
Brief recommendations for participation in competitive sports of athletes with
arterial hypertension: Summary of a Position Statement from the Sports
Cardiology Section of the European Association of Preventive Cardiology
(EAPC). Eur J Prev Cardiol 2019; 26:1549-1555.

Ohyama Y, Ambale-Venkatesh B, Noda C, Chugh AR, Teixido-Tura G, Kim
JY, et al. Association of Aortic Stiffness With Left Ventricular Remodeling
and Reduced Left Ventricular Function Measured by Magnetic Resonance
Imaging: The Multi-Ethnic Study of Atherosclerosis. Circ Cardiovasc
Imaging 2016; 9. doi:10.1161/CIRCIMAGING.115.004426

Bitigen A, Turkyilmaz E, Barutcu I, Kahveci G, Tanboga IH, Aung SM, et al.
Aortic elastic properties in patients with hypertensive response to exercise.
Circ J 2007; 71:727-730.

Karjalainen J, Mantysaari M, Viitasalo M, Kujala U. Left ventricular mass,

geometry, and filling in endurance athletes: Association with exercise blood

131



References

76

77

78

79

80

81

82

pressure. J Appl Physiol 1997; 82:531-537.

Mizuno R, Fujimoto S, Saito Y, Yamazaki M. Clinical importance of
detecting exaggerated blood pressure response to exercise on antihypertensive
therapy. Heart 2016; 102:849-854.

Currie KD, Sless RT, Notarius CF, Thomas SG, Goodman JM. Absence of
resting cardiovascular dysfunction in middle-aged endurance-trained athletes
with exaggerated exercise blood pressure responses. J Hypertens 2017,
35:1586-1593.

Kilicaslan B, Eren NK, Nazli C. Evaluation of aortic elastic properties in
patients with exaggerated systolic blood pressure response to exercise testing.
Clin Exp Hypertens 2015; 37:97-101.

Shim CY, Ha JW, Park S, Choi EY, Choi D, Rim SJ, et al. Exaggerated blood
pressure response to exercise is associated with augmented rise of angiotensin
Il during exercise. J Am Coll Cardiol 2008; 52:287-292.

Tsiachris D, Tsioufis C, Dimitriadis K, Kokkinos P, Faselis C, Tousoulis D, et
al. Relationship of ambulatory arterial stiffness index with blood pressure
response to exercise in the early stages of hypertension. Blood Press Monit
2010; 15:132-138.

Saeed S, Mancia G, Rajani R, Seifert R, Parkin D, Chambers JB. Exercise
Treadmill Testing in Moderate or Severe Aortic Stenosis: The Left Ventricular
Correlates of an Exaggerated Blood Pressure Rise. J Am Heart Assoc 2018;
7:e010735.

Kasiakogias A, Tsioufis C, Thomopoulos C, Andrikou I, Kefala A,
Papadopoulos D, et al. A Hypertensive Response to Exercise Is Prominent in
Patients With Obstructive Sleep Apnea and Hypertension: A Controlled

Study. J Clin Hypertens 2013; 15:497-502.

132



References

83

84

85

86

87

88

89

90

Pressler A, Jahnig A, Halle M, Haller B. Blood pressure response to maximal
dynamic exercise testing in an athletic population. J Hypertens 2018;
36:1803-1809.

Pluim BM, Zwinderman AH, van der Laarse A, van der Wall EE. The
athlete’s heart. A meta-analysis of cardiac structure and function. Circulation
2000; 101:336-344.

Aung SM, Giiler A, Gller Y, Karabay CY, Akdemir I. Two-dimensional
speckle-tracking echocardiography-based left atrial strain parameters predict
masked hypertension in patients with hypertensive response to exercise. Blood
Press Monit 2017; 22:27-33.

Modesti PA, Carrabba N, Gensini GF, Bonechi F, Taddei T, Malfanti PL.
Automated blood pressure determination during exercise test. Clinical
evaluation of a new automated device. Angiology 1992; 43:980-987.
Cameron JD, Stevenson |, Reed E, McGrath BP, Dart AM, Kingwell BA.
Accuracy of automated auscultatory blood pressure measurement during
supine exercise and treadmill stress electrocardiogram-testing. Blood Press
Monit 2004; 9:269-275.

Currie KD, Soave KM, Slade JM. Reliability of blood pressure responses used
to define an exaggerated blood pressure response to exercise in young healthy
adults. J Hum Hypertens Published Online First: 12 October 2021.
d0i:10.1038/s41371-021-00623-3

Bruno RM, Penno G, Daniele G, Pucci L, Lucchesi D, Stea F, et al. Type 2
diabetes mellitus worsens arterial stiffness in hypertensive patients through
endothelial dysfunction. Diabetologia 2012; 55:1847-1855.

Van Popele NM, Bos WJW, De Beer NAM, Van Der Kuip DAM, Hofman A,

Grobbee DE, et al. Arterial stiffness as underlying mechanism of

133



References

91

92

93

94

95

96

97

disagreement between an oscillometric blood pressure monitor and a
sphygmomanometer. Hypertension 2000; 36:484-488.

Vriend JW, van Montfrans GA, Romkes HH, Vliegen HW, Veen G, Tijssen
JG, et al. Relation between exercise-induced hypertension and sustained
hypertension in adult patients after successful repair of aortic coarctation. J
Hypertens 2004; 22:501-5009.

Zanettini JO, Fuchs FD, Zanettini MT, Zanettini JP. Is hypertensive response
in treadmill testing better identified with correction for working capacity? A
study with clinical, echocardiographic and ambulatory blood pressure
correlates. Blood Press 2004; 13:225-229.

Tsioufis C, Dimitriadis K, Thomopoulos C, Tsiachris D, Selima M, Stefanadi
E, et al. Exercise blood pressure response, albuminuria, and arterial stiffness
in hypertension. Am J Med 2008; 121:894-902.

Garcia-Gregory JA, Jackson AS, Studeville J, Squires WG, Owen CA.
Comparison of exercise blood pressure measured by technician and an
automated system. Clin Cardiol 1984; 7:315-321.

MacRae HS, Allen PJ. Automated blood pressure measurement at rest and
during exercise: evaluation of the motion tolerant CardioDyne NBP 2000.
Med Sci Sport Exerc 1998; 30:328-331.

Bond V, Bassett DR, Howley ET, Lewis J, Walker AJ, Swan PD, et al.
Evaluation of the Colin Stbp-680 at Rest and during Exercise - an Automated
Blood-Pressure Monitor Using R-Wave Gating. Br J Sports Med 1993;
27:107-109.

Lightfoot JT, Tuller B, Williams DF. Ambient noise interferes with
auscultatory blood pressure measurement during exercise. Med Sci Sport

Exerc 1996; 28:502-508.

134



References

98

99

100

101

102

103

104

105

Hedman K, Lindow T, EImberg V. Age- and gender-specific upper limits and
reference equations for workload-indexed systolic blood pressure response
during bicycle ergometry. Eur J Prev Cardiol Published Online First: 2020.
doi:10.1177/2047487320909667

Itoh H, Ajisaka R, Koike A, Makita S, Omiya K, Kato Y, et al. Heart rate and
blood pressure response to ramp exercise and exercise capacity in relation to
age, gender, and mode of exercise in a healthy population. J Cardiol 2013;
61:71-78.

Mattace-Raso FUS, Hofman A, Verwoert GC, Wittemana JCM, Wilkinson 1,
Cockceroft J, et al. Determinants of pulse wave velocity in healthy people and
in the presence of cardiovascular risk factors: ‘Establishing normal and
reference values.” Eur Heart J 2010; 31:2338—-2350.

Carter 11l R, Watenpaugh DE, Smith ML. Gender differences in
cardiovascular regulation during recovery from exercise. J Appl Physiol 2001;
91:1902-1907.

Kokkinos P, Chrysohoou C, Panagiotakos D, Narayan P, Greenberg M, Singh
S. Beta-blockade mitigates exercise blood pressure in hypertensive male
patients. J Am Coll Cardiol 2006; 47:794-798.

Sabbahi A, Arena R, Kaminsky LA, Myers J, Fernhall B, Sundeep C, et al.
Characterization of the blood pressure response during cycle ergometer
cardiopulmonary exercise testing in black and white men. J Hum Hypertens
2021; 35:685-695.

Tanindi A, Ugurlu M, Tore HF. Blood pressure morning surge, exercise blood
pressure response and autonomic nervous system. Scand Cardiovasc J 2015;
49:220-227.

Eryonucu B, Bilge M, Giiler N, Uygan I. The effect of autonomic nervous

135



References

106

107

108

109

110

111

112

113

system activity on exaggerated blood pressure response to exercise: evaluation
by heart rate variability. Acta Cardiol 2000; 55:181-185.

Weston KS, Sacre JW, Jellis CL, Coombes JS. Contribution of autonomic
dysfunction to abnormal exercise blood pressure in type 2 diabetes mellitus. J
Sci Med Sport 2013; 16:8-12.

Sharman JE, Boutouyrie P, Perier MC, Thomas F, Guibout C, Khettab H, et
al. Impaired baroreflex sensitivity, carotid stiffness, and exaggerated exercise
blood pressure: a community-based analysis from the Paris Prospective Study
[11. Eur Hear J 2018; 39:599-606.

Nazar K, KaciubaUscilko H, Ziemba W, Krysztofiak H, WojcikZiolkowska E,
Niewiadomski W, et al. Physiological characteristics and hormonal profile of
young normotensive men with exaggerated blood pressure response to
exercise. Clin Physiol 1997; 17:1-18.

Lim PO, Donnan PT, MacDonald TM. Aldosterone to renin ratio as a
determinant of exercise blood pressure response in hypertensive patients. J
Hum Hypertens 2001; 15:119-123.

Boutouyrie P, Tropeano Al, Asmar R, Gautier I, Benetos A, Lacolley P, et al.
Aortic stiffness is an independent predictor of primary coronary events in
hypertensive patients: a longitudinal study. Hypertension 2002; 39:10-15.
Tsioufis C, Dimitriadis K, Stefanadis C. Exercise Blood Pressure Response,
Albuminuria and Arterial Stiffness in Hypertension. Am J Med 2009;
122:E11-E11.

Nikolic SB, Adams MJ, Otahal P, Edwards LM, Sharman JE. Association of
von Willebrand factor blood levels with exercise hypertension. Eur J Appl
Physiol 2015; 115:1057-1065.

Tsioufis C, Chatzis D, Tsiachris D, Katsi V, Toutouzas K, Tousoulis D, et al.

136



References

114

115

116

117

118

119

120

Exaggerated exercise blood pressure response is related to tissue Doppler
imaging estimated diastolic dysfunction in the early stages of hypertension. J
Am Soc Hypertens 2008; 2:158-164.

Sung J, Choi SH, Choi YH, Kim DK, Park WH. The relationship between
arterial stiffness and increase in blood pressure during exercise in
normotensive persons. J Hypertens 2012; 30:587-591.

Thanassoulis G, Lyass A, Benjamin EJ, Larson MG, Vita JA, Levy D, et al.
Relations of exercise blood pressure response to cardiovascular risk factors
and vascular function in the Framingham Heart Study. Circulation 2012;
125:2836-2843.

Jae SY, Fernhall B, Heffernan KS, Kang M, Lee MK, Choi YH, et al.
Exaggerated blood pressure response to exercise is associated with carotid
atherosclerosis in apparently healthy men. J Hypertens 2006; 24:881-887.
Chang H-J, Chung J, Choi SY, Yoon MH, Hwang GS, Shin JH, et al.
Endothelial dysfunction in patients with exaggerated blood pressure response
during treadmill test. Clin Cardiol 2004; 27:421-425.

Chang H-J, Chung J, Choi B-J, Choi T-Y, Choi S-Y, Yoon M-H, et al.
Endothelial dysfunction and alteration of nitric oxide/ cyclic GMP pathway in
patients with exercise-induced hypertension. Yonsei Med J 2003; 44:1014—
1020.

Jae SY, Bunsawat K, Choi YH, Kim YS, Touyz RM, Park JB, et al. Relation
of serum uric acid to an exaggerated systolic blood pressure response to
exercise testing in men with normotension. J Clin Hypertens 2018; 20:551—
556.

Duyuler PT, Duyuler S, Demir M, Elalmis OU, Guray U, lleri M, et al.

Homocysteine, visceral adiposity-related novel cardiometabolic risk factors,

137



References

121

122

123

124

125

126

127

128

and exaggerated blood pressure response to the exercise treadmill test. Blood
Press Monit 2017; 22:333-338.

Park S, Shim J, Kim JB, Ko YG, Choi D, Ha JW, et al. Insulin resistance is
associated with hypertensive response to exercise in non-diabetic hypertensive
patients. Diabetes Res Clin Pract 2006; 73:65-609.

Gaudreault V, Despres JP, Rheaume C, Bergeron J, Almeras N, Tremblay A,
et al. Exercise-induced exaggerated blood pressure response in men with the
metabolic syndrome: the role of the autonomous nervous system. Blood Press
Monit 2013; 18:252-258.

Jae SY, Fernhall B, Lee M, Heffernan KS, Lee MK, Choi YH, et al.
Exaggerated blood pressure response to exercise is associated with
inflammatory markers. J Cardiopulm Rehabil Prev 2006; 26:145-149.
Mundal R, Kjeldsen SE, Sandvik L, Erikssen G, Thaulow E, Erikssen J.
Clustering of coronary risk factors with increasing blood pressure at rest and
during exercise. J Hypertens 1998; 16:19-22.

Prudhomme D, Despres JP, Landry JF, Moorjani S, Lupien PJ, Tremblay A, et
al. Systolic Blood-Pressure during Submaximal Exercise - an Important
Correlate of Cardiovascular-Disease Risk-Factors in Normotensive Obese
Women. Metab Exp 1994; 43:18-23.

Coner A, Genctoy G, Akinci S, Altin C, Muderrisoglu H. Assessment of
vascular inflammation and subclinical nephropathy in exaggerated blood
pressure response to exercise test. Blood Press Monit 2019; 24:114-119.
Yang WI, Kim JS, Kim SH, Moon JY, Sung JH, Kim 1J, et al. An exaggerated
blood pressure response to exercise is associated with subclinical myocardial
dysfunction in normotensive individuals. J Hypertens 2014; 32:1862-1869.

Cote CE, Rheaume C, Poirier P, Despres JP, Almeras N. Deteriorated

138



References

129

130

131

132

133

134

135

136

Cardiometabolic Risk Profile in Individuals With Excessive Blood Pressure
Response to Submaximal Exercise. Am J Hypertens 2019; 32:945-952.

World Health Organisation. Obesity and overweight.
2021.https://www.who.int/news-room/fact-sheets/detail/obesity-and-
overweight (accessed 5 Oct2021).

Buscot M-J, Thomson RJ, Juonala M, Sabin MA, Burgner DP, Lehtiméki T, et
al. Distinct child-to-adult body mass index trajectories are associated with
different levels of adult cardiometabolic risk. Eur Heart J 2018; 39:2263—
2270.

Prasad VK, Drenowatz C, Hand GA, Lavie CJ, Sui X, Demello M, et al.
Relation of Body’s Lean Mass, Fat Mass, and Body Mass Index With
Submaximal Systolic Blood Pressure in Young Adult Men. Am J Cardiol
2016; 117:394-398.

Prasad VK, Drenowatz C, Hand GA, Lavie CJ, Sui X, Demello M, et al.
Cardiorespiratory Fitness, Body Fatness, and Submaximal Systolic Blood
Pressure Among Young Adult Women. J Womens Heal 2016; 25:897-903.

de Gregorio C, Giallauria F, Lantone G, Bellomo F, Campisi M, Firetto G, et
al. Exaggerated blood pressure reaction to exercise in subjects with and
without systemic hypertension. Eur J Prev Cardiol 2021; 28:1152-1154.
Meeuwsen S, Horgan GW, Elia M. The relationship between BMI and percent
body fat, measured by bioelectrical impedance, in a large adult sample is
curvilinear and influenced by age and sex. Clin Nutr 2010; 29:560-566.
Romero-Corral A, Somers V, Sierra-Johnson J, Thomas R, Bailey K, Collazo-
Clavell M, et al. Accuracy of Body Mass Index to Diagnose Obesity In the US
Adult Population. Int J Obes 2008; 32:959-966.

Kraemer WJ, Torine JC, Silvestre R, French, Duncan N. Ratamess, Nicholas

139



References

137

138

139

140

141

142

143

144

A. Spiering BA, Hatfield DL, Vingren JL, et al. Body size and composition of
national football league players. J Strength Cond Res 2005; 19:485-489.
Kerhervé HA, Harvey LM, Eagles AN, McLellan C, Lovell D. Body
composition influences blood pressure during submaximal graded test in
women. Obes Res Clin Pract 2020; 14:462—466.

Huot M, Arsenault BJ, Gaudreault V, Poirier P, Perusse L, Tremblay A, et al.
Insulin Resistance, Low Cardiorespiratory Fitness, and Increased Exercise
Blood Pressure Contribution of Abdominal Obesity. Hypertension 2011;
58:1036-U124.

Barone BB, Wang NY, Bacher AC, Stewart KJ. Decreased exercise blood
pressure in older adults after exercise training: contributions of increased
fitness and decreased fatness. Br J Sport Med 2009; 43:52-56.

Ben-Dov I, Grossman E, Stein A, Shachor D, Gaides M. Marked weight
reduction lowers resting and exercise blood pressure in morbidly obese
subjects. Am J Hypertens 2000; 13:251-255.

Sénéchal-Dumais I, Auclair A, Leclerc J, Poirier P. Effect of bariatric surgery
on blood pressure response to exercise in a severely obese population. Blood
Press Monit 2021; Publish Ah:1-7.

Blair SN, Kohl lii HW, Paffenbarger RS, Clark DG, Cooper KH, Gibbons
LW. Physical Fitness and All-Cause Mortality: A Prospective Study of
Healthy Men and Women. JAMA 1989; 262:2395-2401.

Keteyian SJ, Brawner CA, Savage PD, Ehrman JK, Schairer J, Divine G, et al.
Peak aerobic capacity predicts prognosis in patients with coronary heart
disease. Am Heart J 2008; 156:292-300.

Kokkinos PF, Andreas PE, Coutoulakis E, Colleran JA, Narayan P, Dotson

CO, et al. Determinants of exercise blood pressure response in normotensive

140



References

145

146

147

148

149

150

151

and hypertensive women: role of cardiorespiratory fitness. J Cardiopulm
Rehabil Prev 2002; 22:178-183.

Prasad VK, Drenowatz C, Hand GA, Lavie CJ, Sui X, Demello M, et al.
Association between cardiorespiratory fitness and submaximal systolic blood
pressure among young adult men: a reversed J-curve pattern relationship. J
Hypertens 2015; 33:2239-2244.

Hedman K, Cauwenberghs N, Christle JW, Kuznetsova T, Haddad F, Myers J.
Workload-indexed blood pressure response is superior to peak systolic blood
pressure in predicting all-cause mortality. Eur J Prev Cardiol 2019; 27:978-
987.

Richard NA, Hodges L, Koehle MS. Elevated peak systolic blood pressure in
endurance-trained athletes: Physiology or pathology? Scand J Med Sci Sport
2021; :956-966.

Bromfield SG, Shimbo D, Booth JN, Correa A, Ogedegbe G, Carson AP, et
al. Cardiovascular Risk Factors and Masked Hypertension: The Jackson Heart
Study. Hypertension 2016; 68:1475-1482.

Lopez AD, Mathers CD, Ezzati M, Jamison DT, Murray CJ. Global and
regional burden of disease and risk factors, 2001: systematic analysis of
population health data. Lancet 2006; 367:1747-1757.

Indumathy J, Pal GK, Pal P, Ananthanarayanan PH, Parija SC, Balachander J,
et al. Decreased baroreflex sensitivity is linked to sympathovagal imbalance,
body fat mass and altered cardiometabolic profile in pre-obesity and obesity.
Metabolism 2015; 64:1704-1714.

Steinberg HO, Chaker H, Leaming R, Johnson A, Brechtel G, Baron AD.
Obesity/insulin resistance is associated with endothelial dysfunction:

Implications for the syndrome of insulin resistance. J Clin Invest 1996;

141



References

152

153

154

155

156

157

158

97:2601-2610.

Emanuelsson F, Nordestgaard BG, Tybjerg-Hansen A, Benn M. Impact of
LDL Cholesterol on Microvascular Versus Macrovascular Disease: A
Mendelian Randomization Study. J Am Coll Cardiol 2019; 74:1465-1476.
Naci H, Salcher-Konrad M, Dias S, Blum MR, Sahoo SA, Nunan D, et al.
How does exercise treatment compare with antihypertensive medications? A
network meta-analysis of 391 randomised controlled trials assessing exercise
and medication effects on systolic blood pressure. Br J Sports Med 2019;
53:859-869.

Gloy VL, Briel M, Bhatt DL, Kashyap SR, Schauer PR, Mingrone G, et al.
Bariatric surgery versus non-surgical treatment for obesity: a systematic
review and meta-analysis of randomised controlled trials. BMJ 2013; 347:1—
16.

Cornelissen VA, Buys R, Smart NA. Endurance exercise beneficially affects
ambulatory blood pressure: a systematic review and meta-analysis. J
Hypertens 2013; 31:639-648.

Schiavon CA, Bersch-Ferreira AC, Santucci EV, Oliveira JD, Torreglosa CR,
Bueno PT, et al. Effects of bariatric surgery in obese patients with
hypertension the GATEWAY randomized trial (gastric bypass to treat obese
patients with steady hypertension). Circulation 2018; 137:1132-1142,
Soranna D, Zambon A, Corrao G, Zanchetti A, Parati G, Mancia G. Different
effects of antihypertensive treatment on office and ambulatory blood pressure:
Ameta-analysis. J Hypertens 2019; 37:467-475.

Schoenenberger A, Schoenenberger-Berzins R, Suter PM, Zuber M, Erne P.
Effect of moderate weight reduction on resting and exercise blood pressure in

overweight subjects. J Hum Hypertens 2007; 21:683-685.

142



References

159

160

161

162

163

164

165

166

Kokkinos PF, Narayan P, Colleran JA, Pittaras A, Notargiacomo A, Reda D,
et al. Effects of Regular Exercise on Blood Pressure and Left Ventricular
Hypertrophy in African-American Men with Severe Hypertension. N Engl J
Med 1995; 333:1462-1467.

Miyai N, Arita M, Miyashita K, Morioka I, Shiraishi T, Nishio 1, et al.
Antihypertensive effects of aerobic exercise in middle-aged normotensive men
with exaggerated blood pressure response to exercise. Hypertens Res 2002;
25:507-514.

Schultz MG, Hordern MD, Leano R, Coombes JS, Marwick TH, Sharman JE.
Lifestyle Change Diminishes a Hypertensive Response to Exercise in Type 2
Diabetes. Med Sci Sport Exerc 2011; 43:764-7609.

Tanaka H, Bassett DR, Turner MJ. Exaggerated blood pressure response to
maximal exercise in endurance-trained individuals. Am J Hypertens 1996;
9:1099-1103.

Kokkinos P, Chrysohoou C, Panagiotakos D, Narayan P, Greenberg M, Singh
S. Beta-blockade mitigates exercise blood pressure in hypertensive male
patients. J Am Coll Cardiol 2006; 47:794-798.

Mert KU, Sener E, Yilmaz AS, Mert GO, Yetmis F, Dural M, et al. The
association of exaggerated hypertensive response to exercise and beta-
blockers use in hypertensives. Clin Exp Hypertens 2020; 42:707-713.

Hare JL, Sharman JE, Leano R, Jenkins C, Wright L, Marwick TH. Impact of
spironolactone on vascular, myocardial, and functional parameters in
untreated patients with a hypertensive response to exercise. Am J Hypertens
2013; 26:691-699.

Arita M, Hashizume T, Wanaka Y, Handa S, Nakamura C, Fujiwara S, et al.

Effects of antihypertensive agents on blood pressure during exercise.

143



References

167

168

169

170

171

172

173

Hypertens Res 2001; 24:671-678.

Nashar K, Nguyen J, Jesri A, Morrow J, Egan B. Angiotensin receptor
blockade improves arterial distensibility and reduces exercise-induced pressor
responses in obese hypertensive patients with the metabolic syndrome*1. Am J
Hypertens 2004; 17:477-482.

Van Herwaarden CLA, Binkhorst RA, Fennis JFM, Van ’T Laar A. Effects of
propranolol and metoprolol on haemodynamic and respiratory indices and on
perceived exertion during exercise in hypertensive patients. Br Heart J 1979;
41:99-105.

Warner JG, Metzger DC, Kitzman DW, Wesley DJ, Little WC. Losartan
improves exercise tolerance in patients with diastolic dysfunction and a
hypertensive response to exercise. J Am Coll Cardiol 1999; 33:1567-1572.
Cardillo C, DeFelice F, Campia U, Musumeci V, Folli G. Relation of stress
testing and ambulatory blood pressure to hypertensive cardiac damage. Am J
Hypertens 1996; 9:162—170.

Haasis R, Bethge H. Exercise blood pressure and heart rate reduction 24 and 3
hours after drug intake in hypertensive patients following 4 weeks of treatment
with bisoprolol and metoprolol: A randomized multicentre double-blind study
(BISOMET). Eur Heart J 1987; 8:103-113.

Izzo JL, Rajpal M, Karan S, Srikakarlapudi S, Osmond PJ. Hemodynamic and
central blood pressure differences between carvedilol and valsartan added to
lisinopril at rest and during exercise stress. J Am Soc Hypertens 2012; 6:117—
123.

Kosmala W, Rojek A, Przewlocka-Kosmala M, Wright L, Mysiak A, Marwick
TH. Effect of Aldosterone Antagonism on Exercise Tolerance in Heart Failure

With Preserved Ejection Fraction. J Am Coll Cardiol 2016; 68:1823-1834.

144



References

174

175

176

177

178

179

180

Edwards NC, Steeds RP, Stewart PM, Ferro CJ, Townend JN. Effect of
Spironolactone on Left Ventricular Mass and Aortic Stiffness in Early-Stage
Chronic Kidney Disease. A Randomized Controlled Trial. J Am Coll Cardiol
2009; 54:505-512.

Mottram PM, Haluska B, Leano R, Cowley D, Stowasser M, Marwick TH.
Effect of aldosterone antagonism on myocardial dysfunction in hypertensive
patients with diastolic heart failure. Circulation Published Online First: 2004.
doi:10.1161/01.CIR.0000138680.89536.A9

Kosmala W, Przewlocka-Kosmala M, Szczepanik-Osadnik H, Mysiak A,
O’Moore-Sullivan T, Marwick TH. A randomized study of the beneficial
effects of aldosterone antagonism on left ventricular function, structure, and
fibrosis markers in metabolic syndrome. JACC Cardiovasc Imaging 2011;
4:1239-1249.

Kosmala W, Przewlocka-Kosmala M, Marwick TH. Association of Active and
Passive Components of Left Ventricular Diastolic Filling With Exercise
Intolerance in Heart Failure With Preserved Ejection Fraction: Mechanistic
Insights From Spironolactone Response. JACC Cardiovasc Imaging 2019;
12:784-794.

Myers J, Prakash M, Froelicher V, Do D, Partington S, Edwin Atwood J.
Exercise capacity and mortality among men referred for exercise testing. N
Engl J Med Published Online First: 2002. doi:10.1056/NEJM0a011858
American College of Sports Medicine (ACSM), American College of Sports
M, Riebe D, Ehrman JK, Liguori G, Magal M. ACSM s guidelines for exercise
testing and prescription. 10th ed. Philadelphia: Wolters Kluwer; 2018.
Mancia G, Fagard R, Narkiewicz K, Redon J, Zanchetti A, Bohm M, et al.

2013 ESH/ESC guidelines for the management of arterial hypertension: The

145



References

181

182

183

184

185

186

187

Task Force for the management of arterial hypertension of the European
Society of Hypertension (ESH) and of the European Society of Cardiology
(ESC). Eur Hear J 2013; 34:2159-2219.

Callisaya ML, Daly RM, Sharman JE, Bruce D, Davis TME, Greenaway T, et
al. Feasibility of a multi-modal exercise program on cognition in older adults
with Type 2 diabetes—a pilot randomised controlled trial. BMC Geriatr 2017;
17:237.

American Diabetes Association. Classification and diagnosis of diabetes.
Diabetes Care 2015; 38:S8-S16.

Pruijm MT, Wuerzner G, Glatz N, Alwan H, Ponte B, Ackermann D, et al. A
new technique for simultaneous validation of two manual nonmercury
auscultatory sphygmomanometers (A&D UM-101 and Accoson Greenlight
300) based on the International protocol. Blood Press Monit 2010; 15:322—
325.

Stergiou GS, Giovas PP, Gkinos CP, Tzamouranis DG. Validation of the
A&D UM-101 professional hybrid device for office blood pressure
measurement according to the International Protocol. Blood Press Monit 2008;
13:37-42.

Bland JM, Altman DG. Statistical methods for assessing agreement between
two methods of clinical measurement. Lancet 1986; 1:307-310.

Koo TK, Li MY. A Guideline of Selecting and Reporting Intraclass
Correlation Coefficients for Reliability Research. J Chiropr Med 2016;
15:155-163.

Stergiou GS, Alpert B, Mieke S, Asmar R, Atkins N, Eckert S, etal. A
universal standard for the validation of blood pressure measuring devices:

Association for the Advancement of Medical Instrumentation/European

146



References

188

189

190

191

192

193

194

195

Society of Hypertension/International Organization for Standardization
(AAMI/ESH/ISO) Collaboration Statement. Hypertension 2018; 36:472-478.
Lorbeer R, Ittermann T, Volzke H, Glaser S, Ewert R, Felix SB, et al.
Assessing cutoff values for increased exercise blood pressure to predict
incident hypertension in a general population. J Hypertens 2015; 33:1386—
1393.

Bond Jr. V, Becknel K, Kumar K, Dorsey J, Gorantla VR, Volkova YA, et al.
Association of Endothelial Function with Parental Hypertension in
Normotensive-Obese African-American Women: A Pilot Study. Adv Prev
Med 2019; 2019:5854219.

Zheng D, Giovannini R, Murray A. Effect of respiration, talking and small
body movements on blood pressure measurement. J Hum Hypertens 2012;
26:458-462.

Blake GA, Levin SR, Koyal SN. Exercise-induced hypertension in
normotensive patients with NIDDM. Diabetes Care 1990; 13:799-801.
O’Brien E, Asmar R, Beilin L, Imai Y, Mallion JM, Mancia G, et al. European
Society of Hypertension recommendations for conventional, ambulatory and
home blood pressure measurement. J Hypertens 2003; 21:821-848.

Bauer TA, Reusch JE, Levi M, Regensteiner JG. Skeletal muscle
deoxygenation after the onset of moderate exercise suggests slowed
microvascular blood flow kinetics in type 2 diabetes. Diabetes Care 2007;
30:2880-2885.

Regensteiner JG, Bauer TA, Reusch JE, Quaife RA, Chen MY, Smith SC, et
al. Cardiac dysfunction during exercise in uncomplicated type 2 diabetes. Med
Sci Sport Exerc 2009; 41:977-984.

Moher D, Liberati A, Tetzlaff J, Altman DG, Grp P. Preferred Reporting Items

147



References

196

197

198

199

200

201

202

203

for Systematic Reviews and Meta-Analyses: The PRISMA Statement. J Clin
Epidemiol 2009; 62:1006-1012.

Luchini C, Stubbs B, Solmi M, Veronese N. Assessing the quality of studies in
meta-analyses: Advantages and limitations of the Newcastle Ottawa Scale.
World J Meta-Analysis 2017; 5:80-84.

Cohen J. Statistical power analysis for the behavioral sciences. 2nd ed.
Hillsdale, NJ: Erlbaum; 1988.

Duval S, Tweedie R. A nonparametric “trim and fill” method of accounting
for publication bias in meta-analysis. J Am Stat Assoc 2000; 95:89-98.
Giaconi S, Palombo C, Marabotti C, Genovesi-Ebert A, Mezzasalma L,
Volterrani D, et al. Left ventricular mass in borderline hypertension, assessed
by echocardiography. Relationships with resting and stress blood pressure. J
Nucl Med Allied Sci 1989; 33:26-31.

Markovitz JH, Raczynski JM, Lewis CE, Flack J, Chesney M, Chettur V, et
al. Lack of independent relationships between left ventricular mass and
cardiovascular reactivity to physical and psychological stress in the coronary
artery risk development in young adults (CARDIA) study. Am J Hypertens
1996, 9:915-923.

Pierson LM, Bacon SL, Sherwood A, Hinderliter AL, Babyak M, Gullette
ECD, et al. Relationship between exercise systolic blood pressure and left
ventricular geometry in overweight, mildly hypertensive patients. J Hypertens
2004; 22:399-405.

Gosse P, Cremer A, Vircoulon M, Coulon P, Jan E, Papaioannou G, et al.
Prognostic value of the extent of left ventricular hypertrophy and its evolution
in the hypertensive patient. J Hypertens 2012; 30:2403—-2409.

Cuspidi C, Facchetti R, Bombelli M, Tadic M, Sala C, Grassi G, et al. High

148



References

204

205

206

207

208

209

210

normal blood pressure and left ventricular hypertrophy echocardiographic
findings from the PAMELA population. Hypertension 2019; 73:612-619.
Sabbahi A, Arena R, Kaminsky LA, Myers J, Phillips SA. Peak Blood
Pressure Responses During Maximum Cardiopulmonary Exercise Testing:
Reference Standards From FRIEND (Fitness Registry and the Importance of
Exercise: A National Database). Hypertension 2018; 71:229-236.

Polonia J, Martins L, Bravo-Faria D, Macedo F, Coutinho J, Simoes L. Higher
left ventricle mass in normotensives with exaggerated blood pressure
responses to exercise associated with higher ambulatory blood pressure load
and sympathetic activity. Eur Heart J 1992; 13:30-36.

Higgins J, Thomas J, Chandler J, Cumpston M, Li T, Page M, et al. Cochrane
handbook for systematic reviews of interventions. Chichester (UK): John
Wiley & Sons; 2019.

Fazio S, Palmieri EA, Izzo R, Affuso F, Romano M, Riccio G, et al. An
exaggerated systolic blood pressure response to exercise is associated with
cardiovascular remodeling in subjects with prehypertension. Ital Hear J 2005;
6:886-892.

Sharabi Y, Almer Z, Hanin A, Messerli FH, Ben-Cnaan R, Grossman E.
Reproducibility of exaggerated blood pressure response to exercise in healthy
patients. Am Hear J 2001; 141:1014-1017.

Sebban C, Berthaux P, Lenoir H, Eugene M, Venet R, Memin Y, et al.
Arterial Compliance, Systolic Pressure and Heart-Rate in Elderly Women at
Rest and on Exercise. Gerontology 1981; 27:271-280.

Stewart KJ, Sung J, Silber HA, Fleg JL, Kelemen MD, Turner KL, et al.
Exaggerated exercise blood pressure is related to impaired endothelial

vasodilator function. Am J Hypertens 2004; 17:314-320.

149



References

211

212

213

214

215

216

217

218

Andersen UB, Olsen MH, Dige-Petersen H, lbsen H. Exercise blood pressure
is related to insulin resistance in subjects with two hypertensive parents. Blood
Press 2003; 12:314-318.

Bjornholt J, Erikssen G, Kjeldsen SE, Bodegard J, Thaulow E, Erikssen J.
Fasting blood glucose is independently associated with resting and exercise
blood pressures and development of elevated blood pressure. J Hypertens
2003; 21:1383-1389.

Lim SS, Vos T, Flaxman AD, Danaei G, Shibuya K, Adair-Rohani H, et al. A
comparative risk assessment of burden of disease and injury attributable to 67
risk factors and risk factor clusters in 21 regions, 1990-2010: a systematic
analysis for the Global Burden of Disease Study 2010. Lancet 2012,;
380:2224-2260.

Henry RM, Kostense PJ, Spijkerman AM, Dekker JM, Nijpels G, Heine RJ, et
al. Arterial stiffness increases with deteriorating glucose tolerance status: the
Hoorn Study. Circulation 2003; 107:2089-2095.

Wilkinson 1B, Prasad K, Hall IR, Thomas A, MacCallum H, Webb DJ, et al.
Increased central pulse pressure and augmentation index in subjects with
hypercholesterolemia. J Am Coll Cardiol 2002; 39:1005-1011.

Woodard T, Sigurdsson S, Gotal JD, Torjesen AA, Inker LA, Aspelund T, et
al. Mediation analysis of aortic stiffness and renal microvascular function. J
Am Soc Nephrol 2015; 26:1181-1187.

Schnabel R, Larson MG, Dupuis J, Lunetta KL, Lipinska I, Meigs JB, et al.
Relations of inflammatory biomarkers and common genetic variants with
arterial stiffness and wave reflection. Hypertension 2008; 51:1651-1657.
Gilligan DM, Panza JA, Kilcoyne CM, Waclawiw MA, Casino PR, Quyyumi

AA. Contribution of endothelium-derived nitric oxide to exercise-induced

150



References

219

220

221

222

223

224

225

226

227

vasodilation. Circulation 1994; 90:2853-2858.

Fagard R, Pardaens K, Vanhaecke J. Prognostic significance of exercise
versus resting blood pressure in patients with chronic heart failure. J
Hypertens 1999; 17:1977-1981.

Moore MN, Climie RE, Otahal P, Schultz MG. Exercise blood pressure and
cardiovascular disease risk: a systematic review and meta-analysis of cross-
sectional studies. J Hypertens 2021; 39:Published Ahead-of-Print.

Moore MN, Climie RE, Otahal P, Sharman JE, Schultz MG. Exercise blood
pressure and cardiac structure: A systematic review and meta-analysis of
cross-sectional studies. J Sci Med Sport 2021; 24:925-930.

Kerkhof GF, Duivenvoorden HJ, Leunissen RWJ, Hokken-Koelega ACS.
Pathways leading to atherosclerosis: A structural equation modeling approach
in young adults. Hypertension Published Online First: 2011.
doi:10.1161/HYPERTENSIONAHA.110.163600

Oh HS, Seo WS. Development of a structural equation model for causal
relationships among arteriosclerosis risk factors. Public Health Nurs 2001;
18:409-417.

Dwyer T, Gibbons LE. The Australian Schools Health and Fitness Survey.
Physical fitness related to blood pressure but not lipoproteins. Circulation
1994, 89:1539-1544.

Withers RT, Davies GJ, Crouch RG. A comparison of three W170 protocols.
Eur J Appl Physiol Occup Physiol 1977; 37:123-128.

Buskirk E, Taylor HL. Maximal oxygen intake and its relation to body
composition, with special reference to chronic physical activity and obesity. J
Appl Physiol 1957; 11:72-78.

El Assaad MA, Topouchian JA, Darne BM, Asmar RG. Validation of the

151



References

228

229

230

231

232

233

234

235

Omron HEM-907 device for blood pressure measurement. Blood Press Monit
2002; 7:237-241.

Durnin JVGA, Womersley J. Body fat assessed from total body density and its
estimation from skinfold thickness: measurements on 481 men and women
aged from 16 to 72 Years. Br J Nutr 1974; 32:77-97.

Hosmer DW, Blizzard L. Estimating effects for non-linearly scaled covariates
in regression model: Part 1: Linear link function models. Australas Epidemiol
2004; 11:40-47.

Hosmer DW, Blizzard L. Estimating effects for non-linearly scaled covariates
in regression model: Part 2: Non-linear link function models. Australas
Epidemiol 2004; 11:53-58.

Weston R, Gore PA. A Brief Guide to Structural Equation Modeling. Couns
Psychol 2006; 34:719-751.

Hu LT, Bentler PM. Cutoff criteria for fit indexes in covariance structure
analysis: Conventional criteria versus new alternatives. Struct Equ Model
1999; 6:1-55.

Kline R. Structural models with observed variables and path analysis: I.
Fundamentals, recursive models. Structural Equation Modeling. Principals
and Practice of Structural Equation Modeling. New York: The Guilford Press;
1998.

McAuley PA, Artero EG, Sui X, Lee DC, Church TS, Lavie CJ, et al. The
obesity paradox, cardiorespiratory fitness, and coronary heart disease. Mayo
Clin Proc 2012; 87:443-451.

Lee D-C, Sui X, Church T, Lavie C, Jackson A, Blair S. Changes in Fitness
and Fatness on the Development of Cardiovascular Disease Risk Factors:

Hypertension, Metabolic Syndrome, and Hypercholesterolemia. J Am Coll

152



References

236

237

238

239

240

241

242

243

Cardiol 2012; 59:665-672.

Huang Z, Park C, Chaturvedi N, Howe LD, Sharman JE, Hughes AD, et al.
Cardiorespiratory fitness, fatness, and the acute blood pressure response to
exercise in adolescence. Scand J Med Sci Sport 2021; 31:1693-1698.

Barone BB, Wang NY, Bacher AC, Stewart KJ. Decreased exercise blood
pressure in older adults after exercise training: Contributions of increased
fitness and decreased fatness. Br J Sports Med Published Online First: 2009.
d0i:10.1136/bjsm.2008.050906

Brinkley TE, Leng I, Bailey MJ, Houston DK, Hugenschmidt CE, Nicklas BJ,
et al. Effects of Exercise and Weight Loss on Proximal Aortic Stiffness in
Older Adults with Obesity. Circulation 2021; 144:684-693.

Schultz MG, la Gerche A, Sharman JE. Cardiorespiratory Fitness, Workload,
and the Blood Pressure Response to Exercise Testing. Exerc Sport Sci Rev
2022; 50:25-30.

Ravelli MN, Schoeller DA. Traditional Self-Reported Dietary Instruments Are
Prone to Inaccuracies and New Approaches Are Needed. Front Nutr 2020;
7:1-6.

Prince SA, Cardilli L, Reed JL, Saunders TJ, Kite C, Douillette K, et al. A
comparison of self-reported and device measured sedentary behaviour in
adults: A systematic review and meta-analysis. Int J Behav Nutr Phys Act
2020; 17:1-17.

Mariampillai JE, Engeseth K, Kjeldsen SE, Grundvold I, Liestgl K, Erikssen
G, et al. Exercise systolic blood pressure at moderate workload predicts
cardiovascular disease and mortality through 35 years of follow-up in healthy,
middle-aged men. Blood Press 2017; 26:229-236.

Mottram PM, Haluska B, Leano R, Cowley D, Stowasser M, Marwick TH.

153



References

244

245

246

247

248

249

250

251

Effect of aldosterone antagonism on myocardial dysfunction in hypertensive
patients with diastolic heart failure. Circulation 2004; 110:558-565.
Kosmala W, Przewlocka-Kosmala M, Marwick TH. Association of Active and
Passive Components of Left Ventricular Diastolic Filling With Exercise
Intolerance in Heart Failure With Preserved Ejection Fraction: Mechanistic
Insights From Spironolactone Response. JACC Cardiovasc Imaging 2019;
12:784-794.

Tabachnick & Fidell, L. S. BG. Using multivariate statistics. 5th ed. Boston,
MA: Allyn & Bacon/Pearson Education; 2007.

Cohen J. A power primer. Psychol Bull 1992; 112:155-159.

Vanhees L, Fagard R, Lijnen P, Amery A. Effect of antihypertensive
medication on endurance exercise capacity in hypertensive sportsmen. J
Hypertens 1991; 9:1063—-1068.

Fortini A, Cappelletti C, Cecchi L, Laureano R. Fosinopril in the treatment of
hypertension effects on 24h ambulatory blood pressure and on blood pressure
response to exercise. J Hum Hypertens 1994; 8:469-474.

Guimaraes G, D’Avila V, Pires P, Bacal F, Stolf N, Bocchi E. Acute Effects
of a Single Dose of Phosphodiesterase Type 5 Inhibitor (Sildenafil) on
Systemic Arterial Blood Pressure During Exercise and 24-Hour Ambulatory
Blood Pressure Monitoring in Heart Transplant Recipients. Transplant Proc
2007; 39:3142-3149.

Tomoto T, Maeda S, Sugawara J. Relation between arterial stiffness and
aerobic capacity: Importance of proximal aortic stiffness. Eur J Sport Sci
2017; 17:571-575.

Vaitkevicius P, Fleg J, Engel J, O’Connor F, Wright J, Lakatta L, et al. Effects

of age and aerobic capacity on arterial stiffness in healthy adults. Circulation

154



References

252

253

254

255

256

257

258

259

1993; 88:145-1462.

Montero D. The association of cardiorespiratory fitness with endothelial or
smooth muscle vasodilator function. Eur J Prev Cardiol 2015; 22:1200-1211.
Abiose AK, Mansoor GA, Barry M, Soucier R, Nair CK, Hager D. Effect of
spironolactone on endothelial function in patients with congestive heart failure
on conventional medical therapy. Am J Cardiol 2004; 93:1564-1566.

Pollock ML, Foster C, Schmidt D, Hellman C, Linnerud AC, Ward A.
Comparative analysis of physiologic responses to three different maximal
graded exercise test protocols in healthy women. Am Hear J 1982; 103:363—
373.

Keith LJ, Rattigan S, Keske MA, Jose M, Sharman JE. Exercise aortic
stiffness: Reproducibility and relation to end-organ damage in men. J Hum
Hypertens 2013; 27:516-522.

Lightfoot JT, Tankersley C, Rowe SA, Freed AN, Fortney SM. Automated
blood pressure measurements during exercise. Med Sci Sport Exerc 1989;
21:698-707.

Bombelli M, Facchetti R, Cuspidi C, Villa P, Dozio D, Brambilla G, et al.
Prognostic significance of left atrial enlargement in a general population
results of the PAMELA study. Hypertension 2014; 64:1205-1211.

Benjamin EJ, D’ Agostino RB, Belanger AJ, Wolf PA, Levy D. Left Atrial
Size and the Risk of Stroke and Death. Circulation 1995; 92:835-841.
Franklin BA, Thompson CPD, Al-Zaiti SS, Albert CM, Hivert MF, Levine
BD, et al. Exercise-related acute cardiovascular events and potential
deleterious adaptations following long-term exercise training: Placing the risks
into perspective-an update: A scientific statement from the American Heart

Association. Circulation 2020; 141:E705-E736.

155



References

260

261

262

263

264

265

266

267

268

Currie KD, Sasson Z, Goodman JM. Vascular-ventricular coupling during
exercise is not affected by exaggerated blood pressures in endurance-trained
athletes. J Appl Physiol 2019; 127:753-7509.

Sharman JE, Smart NA, Coombes JS, Stowasser M. Exercise and sport
science australia position stand update on exercise and hypertension. J Hum
Hypertens 2019; 33:837-843.

National Vascular Disease Prevention Alliance. National guidelines for the
management of absolute cardiovascular disease risk. 2012.
d0i:10.5694/mjal3.11162

Zhou B, Bentham J, Di Cesare M, Bixby H, Danaei G, Cowan MJ, et al.
Worldwide trends in blood pressure from 1975 to 2015: a pooled analysis of
1479 population-based measurement studies with 19-1 million participants.
Lancet 2017; 389:37-55.

Geldsetzer P, Manne-goehler J, Marcus M, Ebert C, Zhumadilov Z, Wesseh
CS, et al. The state of hypertension care in 44 low-income and middle-income
countries : a cross-sectional study of nationally representative individual-level
data from 1 - 1 million adults. Lancet 2019; 394:652—662.

Turk-Adawi Kl, Terzic C, Bjarnason-Wehrens B, Grace SL. Cardiac
rehabilitation in Canada and Arab countries: Comparing availability and
program characteristics. BMC Health Serv Res 2015; 15:1-10.

Malek LA, Czajkowska A, Mroz A, Witek K, Barczuk-Falecka M, Nowicki
D, et al. Left ventricular hypertrophy in middle-aged endurance athletes: is it
blood pressure related? Blood Press Monit 2019; 24:110-113.

Tummers B. DataThief 111 manual v. 1.1. 2005;
2019.http://datathief.org/DatathiefManual.pdf

Fagard R, Staessen J, Thijs L, Amery A. Relation of Left-Ventricular Mass

156



References

269

270

271

272

273

274

275

276

and Filling to Exercise Blood-Pressure and Rest Blood-Pressure. Am J Cardiol
1995; 75:53-57.

Knutsen KM, Michelsen S, Otterstad JE, Froland G, Wasenius A, Stugaard M.
Correlations between Left-Ventricular Mass and Systolic Blood-Pressure at
Rest and during Maximal Exercise in Moderately Hypertensive Men. J Hum
Hypertens 1991; 5:149-154.

Kop WJ, Gottdiener JS, Patterson SM, Krantz DS. Relationship between left
ventricular mass and hemodynamic responses to physical and mental stress. J
Psychosom Res 2000; 48:79-88.

Martinez-Vea A, Bardaj A, Gutierrez C, Garca C, Peralta C, Marcas L, et al.
Exercise blood pressure, cardiac structure, and diastolic function in young
normotensive patients with polycystic kidney disease: a prehypertensive state.
Am J Kidney Dis 2004; 44:216-223.

Michelsen S, Knutsen KM, Stugaard M, Otterstad JE. Is left ventricular mass
in apparently healthy, normotensive men correlated to maximal blood pressure
during exercise? Eur Hear J 1990; 11:241-248.

Oh MS, Cho SJ, Sung J, Hong KP. Higher blood pressure during light exercise
is associated with increased left ventricular mass index in normotensive
subjects. Hypertens Res - Clin Exp 2018; 41:382-387.

Papademetrio V, Notargiacomo A, Sethi E, Costello R, Fletcher R, Freis ED,
et al. Exercise Blood Pressure Response and Left Ventricular Hypertrophy.
Am J Hypertens 1989; 2:114-116.

Molina L, Elosua R, Marrugat J, Pons S. Relation of maximum blood pressure
during exercise and regular physical activity in normotensive men with left
ventricular mass and hypertrophy. Am J Cardiol 1999; 84:890-893.

Mazic S, Suzic Lazic J, Dekleva M, Antic M, Soldatovic I, Djelic M, et al.

157



References

277

278

279

280

281

282

283

284

The impact of elevated blood pressure on exercise capacity in elite athletes. Int
J Cardiol 2015; 180:171-177.

Naimark BJ, Tate RB, Manfreda J, Stephens NL, Mymin D. The association
between exercise blood pressure and the prevalence of ECG abnormalities.
Can J Cardiol 1990; 6:267-273.

Campbell L, Marwick TH, Pashkow FJ, Snader CE, Lauer MS. Usefulness of
an exaggerated systolic blood pressure response to exercise in predicting
myocardial perfusion defects in known or suspected coronary artery disease.
Am J Cardiol 1999; 84:1304-1310.

Mottram PM, Haluska B, Yuda S, Leano R, Marwick TH. Patients with a
hypertensive response to exercise have impaired systolic function without
diastolic dysfunction or left ventricular hypertrophy. J Am Coll Cardiol 2004;
43:848-853.

Takamura T, Onishi K, Sugimoto T, Kurita T, Fujimoto N, Dohi K, et al.
Patients with a hypertensive response to exercise have impaired left
ventricular diastolic function. Hypertens Res 2008; 31:257-263.

Cheung SF, Chan DKS. Meta-analyzing dependent correlations: An SPSS
macro and an R script. Behav Res Methods 2014; 46:331-345.

Douglas PS, Otoole ML, Hiller WDB, Reichek N. Left-Ventricular Structure
and Function by Echocardiography in Ultraendurance Athletes. Am J Cardiol
1986, 58:805-809.

Climie RED, Srikanth V, Keith LJ, Davies JE, Sharman JE. Exercise excess
pressure and exercise-induced albuminuria in patients with type 2 diabetes
mellitus. Am J Physiol Circ Physiol 2015; 308:H1136-H1142.

Miyai N, Arita M, Morioka I, Takeda S, Miyashita M. Ambulatory blood

pressure, sympathetic activity, and left ventricular structure and function in

158



References

285

286

287

288

289

290

middle-aged normotensive men with exaggerated blood pressure response to
exercise. Med Sci Monit 2005; 11:Cr478-Cr484.

Ugur-Altun B, Altun A, Tatli E, Arikan E, Tugrul A. Relationship between
insulin resistance assessed by HOMA-IR and exercise test variables in
asymptomatic middle-aged patients with Type 2 diabetes. J Endocrinol Invest
2004; 27:455-461.

Matthews D, Hosker J, Rudenski A, Naylor B, Treacher D, Turner R.
Homeostasis model assessment: insulin resistance and beta-cell function from
fasting plasma glucose and insulin concentrations in man. Diabetologia 1985;
28.

The Oxford Centre for Diabetes. Endocrinology & Metabolism. Diabetes Trial
Unit. HOMA Calculator. http://www.dtu.ox.ac.uk/homacalculator/ (accessed
20 Sep2021).

Levy JC, Matthews DR, Hermans MP. Correct homeostasis model assessment
(HOMA) evaluation uses the computer program [3]. Diabetes Care 1998;
21:2191-2192.

Wallace T, Levy J, Matthews D. Use and Abuse of HOMA Modeling.
Diabetes Care 2004; 27:1487-1495.

Greenland S. Modeling and variable selection in epidemiologic analysis. Am J

Public Health 1989; 79:340-349.

159



Appendix A. SUPPLEMENTARY MATERIAL FOR CHAPTER 2.

160



Measurement of
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Manual measurement of BP to technician
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Appendix Figure 2.1. Illustration of the simultaneous manual and automated exercise BP measurement by trained technician blinded to the automated
device.
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Pre-exercise (n =41)
Simultaneous manual and automated BP
Unavailable (n=1)
Available (n=40)

Exercise Stage 1 (n =41)
* Exercise test terminated before measurement of BP taken (n = 24)
* Simultaneous manual and automated BP
Unavailable (n =135)
Available (n=33)
Technical error of automated device (n=1)

Exercise Stage 2 (n = 39)
Exercise test terminated before measurement of BP taken (n = 9)
Simultaneous manual and automated BP
Unavailable (n =13)
Available (n=17)

Exercise Stage 3 (n =30)
Exercise test terminated before measurement of BP taken (n = 17)
Simultaneous manual and automated BP
Unavailable (n=11)
Available (n =2)

Exercise stage 4 (n=1)
Exercise test terminated before measurement of BP taken (n = 11)
Simultaneous manual and automated BP unavailable (n = 1)

Appendix Figure 2.2. Flow of participants and comparisons between manual and

automated measurement of blood pressure (BP) across different stages of a Bruce
treadmill exercise test.
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Appendix Table 2.1. Comparison between manual and automated auscultatory delta blood pressure from pre-exercise to different stages of a Bruce
treadmill exercise test.

Pre-exercise to Exercise Stage 1 Pre-exercise to Exercise Stage 2

Comparisons n=32 n=16
A Systolic blood pressure (mmHg)
Automated 3823 48 + 30
Manual 3819 50+ 19
Mean Difference 0+16° 2+17
ICC (95% confidence intervals) 0.841 (0.672-0.923)* 0.881(0.661-0.959)*
A Diastolic blood pressure (mmHg)
Automated 3+14 5+14
Manual 0+8 -1+11
Mean Difference 2113 6+11
ICC (95% confidence intervals) 0.529 (0.045-0.759)** 0.747(0.294-0.911)**
A Pulse pressure (mmHg)
Automated 3521 43 + 29
Manual 37+18 51+16
Mean Difference -2+19° -8+21
ICC (95% confidence intervals) 0.715 (0.415-0.861)* 0.735(0.281-0.906)**

Comparisons include the individuals who had manual and automated BP measured both at pre-exercise and at exercise stage 1 and 2. Data represent
mean = standard deviation unless specified. Mean difference corresponds to automated blood pressure minus manual blood pressure. ICC, intra-class
correlation. °, comparison between manual and automated exercise BP assessed using Mann-Whitney U test. *, p < 0.001. **p < 0.05
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Appendix Table 2.2. Percentage of cases in which the absolute difference between manual and automated auscultatory blood pressure fall within
specific thresholds at pre-exercise and different stages of a Bruce treadmill exercise test.

Pre-exercise Exercise Stage 1 Exercise Stage 2 All Stages’ Exercise Stages only *
Comparisons n=40 n=33 n=17 n=90 n=50

Systolic blood pressure

<5 mmHg 725 394 29.4 52.0 36.0

<10 mmHg 80.0 60.6 58.8 68.9 60.0

<15 mmHg 87.5 78.8 82.4 83.3 80.0
Diastolic blood pressure

<5 mmHg 65.0 545 58.8 60.0 56.0

<10 mmHg 87.5 84.8 76.5 84.4 82.0

<15 mmHg 925 87.9 824 88.0 86.0
Pulse pressure

<5 mmHg 575 36.3 43.8 47.2 38.8

<10 mmHg 72.5 57.6 58.8 64.4 58.0

<15 mmHg 825 63.6 64.7 72.2 64.0

All data represents percentage respective to the available number of comparisons between manual and automated blood pressure at each exercise
test stage. T pre-exercise to exercise stage 2. * exercise stage 1 to stage 2 only (excluding pre-exercise).
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APPENDIX B. SUPPLEMENTARY MATERIAL FOR CHAPTER 3.
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Supplementary methods for Chapter 3.

Data extraction. Tsiachris et al. [80] indexed LV mass by body surface area and
height? separately, which were both extracted for meta-analyses. Two studies[91,266]
did not report estimates for cardiac structure between those with and without an HRE
within the text, so data was extracted from figures using extraction software.[267] For
studies that reported exercise systolic BP using more than two categories, the lowest
and highest exercise systolic BP categories were extracted, with the highest category
of exercise BP defined as an HRE and lowest category representing the reference
group (no HRE). Pearson correlation coefficients at the lowest exercise intensity were
extracted for studies that reported unadjusted associations between exercise systolic
BP and cardiac structure at multiple exercise intensities. Nine studies reported a
correlation with cardiac structure with exercise systolic BP at both submaximal and
peak intensities.[46,205,268-274] As such, correlations between structural cardiac
variables and submaximal exercise systolic BP were extracted from studies because it
is more representative of 24-hour ambulatory BP than peak exercise systolic BP,[69]

and thus hypertension-related cardiac remodelling.

Data not extracted from specific studies included: 1) the data reported by Markovitz et
al. [200] because the number of participants with and without an HRE was not stated;
2) LV wall thickness reported by Caselli et al. [45] because there was no indication of
whether this variable was LV posterior or interventricular wall thickness; 3) difference
in interventricular septal and posterior wall thickness between those with and without
an HRE reported by Molina et al. [275] because these two structural cardiac variables
had been indexed by body surface area; 4) unadjusted correlation between exercise BP
and cardiac structures that had been indexed by body surface area reported by Mazic

et al.;[276] 5) associations between exercise systolic BP and cardiac structure reported
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in Molina et al. [275] because Spearman’s rather than Pearson’s correlation was

performed.

Statistical analysis. A single sample size, mean and standard deviation was calculated
for those with and without an HRE in the six studies that separated results by
sex.[42,91,200,277,278] A single sample size, mean and standard deviation was also
calculated for the five studies that included two groups with and/or without an
HRE.[205,207,266,279,280] The two separate associations between exercise systolic
BP and structural cardiac parameters reported by Karjalainen et al. [75] were combined
to form a single correlation estimate using a sample-wise-adjusted-weighted
procedure.[281] Units reported for left atrial diameter and LV end-diastolic and end-
systolic dimension by Bitigen et al. [74] were converted to allow direct comparison

with other studies.

Studies not included within individual meta-regressions included Douglas et al. [282]
did not report resting BP status and was excluded from meta-regression analyses across
different BP classifications. Vriend et al. [91] was also excluded from meta-regression
analyses across different resting BP classifications because BP status was not based

on resting BP.
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Supplementary results for Chapter 3.

Meta-regressions

Resting BP status. The pooled unadjusted correlation between exercise systolic BP and
LV relative wall thickness was lower in those without hypertension compared to
populations with a “mixed” BP status (p=0.002, R?=100%). The pooled mean
difference in all secondary structural cardiac variables between those with and without
an HRE was similar among study populations with or without resting hypertension

(Appendix Table 3.4).

Health status. The pooled unadjusted correlation between exercise systolic BP and all
secondary cardiac structural variables was similar among populations with different
health status(Appendix Table 3.3). The pooled mean difference in individual
secondary structural cardiac variables between those with and without an HRE was

similar among study populations with different health status (Appendix Table 3.4).

The exercise intensity at which time BP was measured. The pooled unadjusted
correlation between exercise systolic BP and LV posterior wall thickness was similar
between studies that measured BP at submaximal and peak intensity (p=0.06;
R2=100%; Appendix Table 3.3). Studies that measured exercise systolic BP during
submaximal intensities compared to those that measured during peak exercise systolic
BP had a higher pooled unadjusted correlation interventricular septal thickness
(p=0.01, R?=100%). The mean difference in individual secondary structural cardiac
variables between those with and without an HRE was also similar among studies that

measured BP during submaximal and peak exercise intensities (Appendix Table 3.4).

Exercise modality. The pooled unadjusted correlation between exercise systolic BP

and relative wall thickness was similar irrespective of the exercise modality of the
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included studies(p=0.793, R?>=9%; Appendix Table 3.3). Studies using treadmill
testing had a similar mean difference in LV relative wall thickness (p=0.883, R?=0%)),
LV end-systolic dimension (p=0.019, R?=77%), and left atrial size (p=0.226, R?>=21%)
compared to cycling. Studies using treadmill testing had a higher pooled mean
difference in LV posterior wall thickness (p=0.01, R?>=35%), interventricular septal
thickness (p=0.005, R?>=32%), and LV end-systolic dimension (p=0.018, R?>=77%;

Appendix Table 3.4) compared to cycling.

Study quality. Meta-regression analyses indicated that study quality explained the
heterogeneity in the pooled unadjusted correlation between exercise systolic BP and
LV relative wall thickness (p<0.01, R?=100), interventricular septal thickness (p=0.33,
R2=41%) and LV posterior wall thickness (p=0.64, R?=23%; Appendix Table 3.3).
There was a positive association between study quality and mean difference in LV
relative wall thickness (B = 0.01, 95% CI: 0, 0.01; p=0.03, R?=51%), and negative
association with the mean difference of LV end-systolic dimension ( = -2.07, 95%
Cl: -3.84, -0.27; p=0.02, R?=79%) and LV end-diastolic dimension (B = -1.00, 95%

Cl: -1.84, -0.17; p=0.02, R?>=46%).
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Appendix Table 3.1. A search of three online databases (Medline via Ovid, Scopus
and Embase) was conducted from the earliest available records to August 18"
2020.

Medline 1. Blood Pressure/ or Arterial Pressure/ or Hemodynamics/ or
via Ovid Blood Pressure Determination/ or hypertension/ or
hypotension/

2. (h?emodynamic or blood pressure or arterial pressure or
hypertensi* or hypotensi*).tw.

3. Exercise/ or Exercise Test/ or Exercise Tolerance/ or Ergometry/
or Running/ or Walking/

4. (cardiopulmonary test or stress test or exercise or running or
walking or treadmill or cycling).tw.

5. ((h?emodynamic or (blood pressure or arterial pressure) or
(hypertensi* or hypotensi*)) adj5 (cardiopulmonary test or
stress test or exercise or running or walking or cycling)).tw.

6.1and 3

7.1and 4

8.2and 3

9.50r6or7or8

10. Ventricular Remodeling/ or Cardiomyopathies/ or
Cardiomegaly/

11. (left ventric* adj2 (hypertrophy or wall thickness or structure or
mass or mass index)).tw.

12.100r 11

13. Atherosclerosis/ or Pulse Wave Analysis/ or Carotid Intima-
Media Thickness/ or Vascular stiffness/ or Vascular resistance/
or Vascular calcification/

14. (Atherosclerosis or Pulse Wave Analysis or Carotid Intima-
Media Thickness or vascular stiffness or vascular resistance or
vascular calcification or pulse wave velocity or arterial
compliance or arterial stiffness or endothelial function or
vascular function or endothelial dysfunction or vascular
dysfunction or carotid stiffness or coronary calcium score or
ankle-to-brachial index).tw.

15. 13 or 14

16. Glucose/ or Blood Glucose/ or Cholesterol/ or Cholesterol,
HDL/ or Cholesterol, LDL/ or Lipoproteins/ or Triglycerides/
or Glycated Hemoglobin A/ or Creatinine/ or Glomerular
Filtration Rate/ or Aldosterone/ or Insulin/ or Renin-
Angiotensin System/ or Renin/ or Proteinuria/

17. (glucose or cholesterol or lipoprotein or triglyceride or glycated
hemoglobin or glycated haemoglobin or hbalc or creatinine or
Glomerular Filtration Rate or Aldosterone or Insulin or Renin
or Proteinuria or alouminuria).tw.

18.16 or 17

19.12 or 150r 18

20.9 and 19

21. exp animals/ not humans.sh.

22.20not 21
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23. exp adolescent/ or exp child/ or exp infant/
24. 23 not Adults/

25.22 not 24

26. limit 25 to English language

Scopus (((TITLE-ABS(Exercise OR "exercise test" OR "exercise tolerance"
OR "stress test” OR "Cardiopulmonary test” OR ergometry or
"running” or "walking" or "cycling"))) AND
((TITLE-ABS("blood pressure™ OR "arterial pressure” OR
"haemodynamic” OR "hemodynamic™ OR "hypertensi*" OR
"hypotensi*")))) AND ((((TITLE-ABS(cardiomyopathies OR
cardiomyopathy OR cardiomegaly OR ("left ventric*" W/2
(hypertrophy OR mass OR "wall thickness" OR structure OR
remodeling)))))) OR ((TITLE-ABS("Pulse wave velocity” OR
"pulse wave analysis" OR "Carotid Intima-Media Thickness" OR
atherosclerosis OR "atherosclerotic plague” OR "vascular stiffness"
OR "arterial stiffness” OR "Vascular resistance™ OR "arterial
compliance™ OR ((endothelial OR vascular) W/2 (function OR
dysfunction)) OR "Vascular calcification™ OR "coronary calcium
score™))) OR ((TITLE-ABS(glucose OR "Blood glucose™ OR
cholesterol OR lipoprotein OR Triglycerides OR "Glycated
Hemoglobin A" OR HbAlc OR Creatinine OR "Glomerular
Filtration Rate” OR eGFR OR Aldosterone OR "Renin-Angiotensin
System™ OR Renin OR Proteinuria)))) AND ( LIMIT-TO
(SRCTYPE,"j")) AND ( LIMIT-TO ( SUBJAREA,"MEDI"))
AND (LIMIT-TO ( DOCTYPE,"ar")) AND ( LIMIT-TO
( LANGUAGE,"English" ) ) AND (LIMIT-TO
(EXACTKEYWORD,"Human™) OR LIMIT-TO
(EXACTKEYWORD,"Adult"))

Embase 1. blood pressure/ or arterial pressure/ or hemodynamics/ or blood
via OVID  pressure measurement/ or blood pressure monitoring/ or
hypertension/ or elevated blood pressure/
2. (blood pressure or arterial pressure or h?emodynamics or
hypertensi* or hypotensi*).tw.
3. exercise test/ or aerobic exercise/ or exercise/ or cardiopulmonary
exercise test/ or dynamic exercise/ or exercise tolerance/ or running/
or walking/ or cycling/
4. (exercise or exercise test or cardiopulmonary test or stress test or
running or walking or treadmill or cycling).tw.
5.1and3
6.1and 4
7.2and 3
8. ((blood pressure or arterial pressure or h?emodynamics or
hypertensi* or hypotensi*) adj5 (exercise or exercise test or
cardiopulmonary test or stress test or running or walking or
treadmill or cycling)).tw.
9.50r6or7or8
10. cardiomegaly/ or cardiomyopathy/ or heart ventricle
remodeling/ or heart ventricle hypertrophy/
11. (cardiomegaly or cardiomyopathy or (ventric* adj2
(hypertrophy or wall thickness or structure or mass or mass index or
remodeling))).tw.
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12.100r 11

13. atherosclerotic plaque/ or atherosclerosis/ or coronary artery
atherosclerosis/ or aortic atherosclerosis/ or carotid atherosclerosis/
or pulse wave/ or arterial wall thickness/ or arterial stiffness/ or
vascular resistance/ or artery compliance/ or vascular endothelium/
or vascular fibrosis/ or blood vessel calcification/ or coronary artery
calcium score/

14. (Atherosclerosis or Pulse Wave Analysis or Carotid Intima-
Media Thickness or vascular stiffness or vascular resistance or
vascular calcification or pulse wave velocity or arterial compliance
or arterial stiffness or aortic stiffness endothelial function or
vascular function or endothelial dysfunction or vascular dysfunction
or carotid stiffness or coronary calcium score or ankle-to-brachial
index).tw.

15. 13 0or 14

16. glucose blood level/ or glucose/ or blood glucose monitoring/ or
glucose level/ or glucose intolerance/

17. cholesterol blood level/ or cholesterol level/ or low density
lipoprotein cholesterol/ or high density lipoprotein cholesterol/ or
low density lipoprotein cholesterol level/ or cholesterol/ or high
density lipoprotein cholesterol level/ or total cholesterol level/

18. triacylglycerol/

19. glycosylated hemoglobin/ or hemoglobin Alc/

20. creatinine blood level/ or creatinine/

21. glomerulus filtration rate/

22. renin angiotensin aldosterone system/ or aldosterone/ or
aldosterone blood level/

23. renin/ or plasma renin activity/

24. proteinuria/

25. albuminuria/

26. (glucose or cholesterol or lipoprotein or triglyceride or glycated
hemoglobin or glycated haemoglobin or hbalc or creatinine or
Glomerular Filtration Rate or Aldosterone or Insulin or Renin or
Proteinuria or albuminuria).tw.

27.16 or 17 or 18 or 19 or 20 or 21 or 22 or 23 or 24 or 25 or 26
28.12 or 15 or 27

29.9and 28

30. limit 29 to "humans only (removes records about animals)"

31. limit 30 to english

32. limit 31 to (adult <18 to 64 years> or aged <65+ years>)
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Appendix Table 3.2. Characteristics of 49 studies reporting exercise blood pressure and cardiac structure.

# first author, year ~ Population type Participant Male, n (%) Age (years)
, N

1 Bitigen 2007 Non-hypertensive apparently healthy without an HRE 20 11 (55) 47.8 (5)
Non-hypertensive apparently healthy with an HRE 32 17 (53) 48.7 (7)

2 Campbell 1999 Mixed BP status otherwise apparently healthy males with an HRE 746 746 (100) 58 (11)
Mixed BP status otherwise apparently healthy males without an HRE 1470 1470 (100) 58 (12)
Mixed BP status otherwise apparently healthy females with an HRE 573 0 61 (11)
Mixed BP status otherwise apparently healthy females without an HRE 656 0 57 (12)

3 Cardillo 1996 Hypertensive otherwise apparently healthy 63 43 (68) 46.6 (8.8)
Non-hypertensive apparently healthy 32 22 (69) 43.8 (7.3)

4 Caselli 2016 Non-hypertensive athletic with an HRE 142 1190 (63) 26 (6)
Non-hypertensive athletic without an HRE 1734 24 (6)

5 Chang 2003 Non-hypertensive apparently healthy without an HRE 35 66 (94) 45.4 (8.1)
Non-hypertensive apparently healthy with an HRE 35

6 Chang 2004 Non-hypertensive apparently healthy without an HRE 25 23 (92) 46.7 (8.7)
Non-hypertensive apparently healthy with an HRE 25 23 (92) 44.7 (8.8)

7 Currie 2017 Non-hypertensive endurance-trained athletes with an HRE 22 16 (73) 56 (6)
Non-hypertensive endurance-trained athletes without an HRE 11 8 (73) 55 (5)

8 Douglas 1986 Ultra-endurance athletes 14

9 Duyuler 2017 Non-hypertensive apparently healthy without an HRE 44 28 (64) 48.0 (7.0)
Non-hypertensive apparently healthy with an HRE 40 20 (50) 47.7 (10.0)

10 Fagard 1995 Non-hypertensive or borderline hypertension otherwise apparently 92 92 (100) 22 (4)
healthy

11 Fazio 1995 Non-hypertensive apparently healthy without an HRE 20 14 (70) 40 (6)
Prehypertensive otherwise apparently healthy without an HRE 11 8 (73) 38 (7)
Prehypertensive otherwise apparently healthy with an HRE 9 6 (67) 41 (9)

12 Giaconi 1989 Borderline hypertension otherwise apparently healthy 18 18 (100) 45 (range: 33- 59)

13 Gosse 1989 Non-hypertensive apparently healthy 23 14 (61) 25 (5)
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14

15
16

17

18

19

20

21
22

23
24

25

VLT

Gottdiener 1990

Grossman 1994
Herkenhoff 1997

Karjalainen 1997
Kilicaslan 2015
Knutsen 1991
Kokkinos 2007

Kop 2000
Lauer 1992

Lim 2001
Malek 2019

Markovitz 1996

Non-hypertensive apparently healthy with an HRE
Non-hypertensive apparently healthy without an HRE

Untreated Essential hypertension otherwise apparently healthy
Non-hypertensive apparently healthy with an HRE
Non-hypertensive apparently healthy without an HRE
Prehypertensive otherwise apparently healthy endurance athletes
Prehypertensive otherwise apparently healthy sedentary
Non-hypertensive suspected coronary artery disease with an HRE
Non-hypertensive suspected coronary artery disease without an HRE
Moderate hypertension with no signs of secondary hypertension, renal
disease/damage.

Prehypertensive otherwise apparently healthy with an HRE
Prehypertensive otherwise apparently healthy without an HRE
Non-hypertensive apparently healthy

Non-hypertensive apparently healthy males with an HRE
Non-hypertensive apparently healthy males without an HRE
Non-hypertensive apparently healthy females with an HRE
Non-hypertensive apparently healthy females without an HRE
Hypertensive otherwise apparently healthy

Normotensive endurance athletes without an HRE

Normotensive endurance athletes with an HRE
High-normal BP endurance athletes without an HRE

High-normal BP endurance athletes with an HRE
Non-hypertensive apparently healthy black males only
Non-hypertensive apparently healthy white males only
Non-hypertensive apparently healthy black female only
Non-hypertensive apparently healthy white female only

22
17
60
20
20
32
15
33
33
87

430
360
36
122
738
67
1051
49
17

781
945
992
1024

39 (100)

47 (78)
20 (100)
20 (100)
32 (100)
15 (100)
14 (47)
17 (52)
87 (100)

408 (52)

13 (36)
860 (100)

0(0)

32 (65)
30 (100)

781 (100)
945 (100)
0(0)
0(0)

44.6 (8.5)

40 (2)

44 (3)

43 (3)

26 (3)

26 (3)

45.3 (10.3)

40.7 (9.6)

45 (range: 22-64)

52 (10)

33.9 (9.4)
41 (9)

45(12)
39 (range: 36.3-
43.0)

43 (range: 42.0-
48.3)

29.3 (3.7)
305 (3.8)
29.5 (3.9)
30.6 (3.4)



26

27
28
29
30
31

32

33

34
35
36
37

38

GLT

Martinez-Vea
2004

Michelsen 1990
Mazic 2015
Miyai 2005
Mizuno 2016
Molina 1999

Mottram 2004

Naimark 1990

Naimark 1991
Oh 2018
Papademetrio
1989

Pierson 2004

Polonia 1992

Non-hypertensive with polycystic kidney disease with an HRE

Non-hypertensive with polycystic kidney disease without an HRE
Non-hypertensive apparently healthy with an HRE
Non-hypertensive apparently healthy without an HRE
Non-hypertensive apparently healthy

Non-hypertensive apparently healthy

Non-hypertensive apparently healthy with an HRE
Non-hypertensive apparently healthy without an HRE
Hypertensive otherwise apparently health with an HRE
Hypertensive otherwise apparently health without an HRE
Non-hypertensive apparently healthy with an HRE
Non-hypertensive apparently healthy without an HRE
Hypertensive with mixed health conditions and with an HRE
Prehypertensive with mixed health conditions with an HRE
Non-hypertensive with mixed health conditions without an HRE
Non-hypertensive apparently healthy males with an HRE
Non-hypertensive apparently healthy males without an HRE
Non-hypertensive apparently healthy females with an HRE
Non-hypertensive apparently healthy females without an HRE
Apparently healthy with normotension (77%) or hypertension (23%)
Non-hypertensive apparently healthy

Mild-to-moderate hypertension otherwise apparently healthy

Sedentary overweight with untreated high normal blood pressure or
stage 1-2 hypertension (resting BP: 130-180/85-110 mmHg)
Non-hypertensive apparently healthy without an HRE
Non-hypertensive apparently healthy with an HRE

Hypertensive apparently healthy with an HRE

12

13
95
95
27
27
40
63
43
275
22
19
17
98
64
24
110
77
7923
19

80
60

60
40

9 (50)

9 (50)

95 (100)
95 (100)
54 (100)

25
36
43 (100)

275 (100)

9 (41)

9 (47)

6 (35)
98 (100)
64 (100)
0

0

77 (100)

5498 (69.4)

NR
37 (46)
60 (100)

60 (100)
60 (100)

24.1 ()

24.5 (6)

44 (range: 21-69)

23 (5)

39.9 (1)
40.0 (1)
62.0 (4.6)
61.6 (4.3)
42.44 (7.85)
36.95 (8.60)
58 (11)

53 (9)

53 (5)

43.0 (1.1)
45.1 (1.4)
54.8 (2.4)
42.1(1.0)
46 (11)
50.0 (7.5)
NR

46.2 (8.3)
50 (8)

50 (8)
51 (10)



39
40
41

42

43

44

45

46

47

48
48

49

A
B

Ren 1985
Schmieder 1990
Scott 2008

Sharman 2011
Shim 2008
Smith 1992
Sung 2003

Takamura 2008

Tsiachris 2010

Vriend 2004
Vriend 2004

Yang 2014

Hypertensive otherwise apparently healthy

Mild-to-moderate hypertension apparently healthy

Non-hypertensive with an HRE (includes people with Type 2 diabetes
mellitus)

Non-hypertensive without an HRE (includes people with Type 2
diabetes mellitus)

Individuals with masked hypertension

Individuals with normotension

Not hypertensive and apparently healthy with an HRE

Not hypertensive and apparently healthy without an HRE
Uncomplicated essential mild-to-moderate hypertension otherwise
apparently healthy

Untreated high normal BP (130-139/85-89 mmHg) or mild hypertension
(140-159/90-99 mmHg) otherwise apparently health.

Not hypertensive without an HRE

Not hypertensive with an HRE

Hypertensive with an HRE

Untreated hypertensive otherwise apparently healthy with an HRE
Untreated hypertensive otherwise apparently healthy without an HRE
Post-coarctectomy with mixed BP status

Non-hypertensive post-coarctectomy males with an HRE
Non-hypertensive post-coarctectomy males without an HRE
Non-hypertensive apparently healthy with an HRE

Non-hypertensive apparently healthy without an HRE

67
73
54

92

42
30
36
36
65

7

30
25
74
36
63
144
13

19
152

26 (39)
73 (100)

91 (62.3)

29 (69)
14 (47)
18 (50)
50 (50)
65 (65)

34 (44)

30 (100)
25 (100)
74 (100)
18 (50)
43 (68)
91 (63)
48 (100)

15 (79)
82 (54)

NR
NR

NR

54 (9)
54 (9)
50 (16)
50 (16)

Male: 62 (5);
female: 65 (6)
60 (7)

65 (7)

64 (7)

55.4 (9)

48 (9.4)
31.5(11.2)

48 (11)
48 (8)

9.1



Appendix Table 3.2 cont.

Exercise test . Intensity exercise BP Exercise BP
# Outcome measurement method ; Exercise test protocol Measurement
modality measured method
1 M-mode Transthoracic Echocardiograph Treadmill Modified Bruce Peak Automated
2 Two-dimensional m-mode Treadmill Bruce and modified Bruce Peak NR
Echocardiograph
3 Two-dimensional m-mode Bicycle 50W for 5 mins then 100W for 5 Peak NR
Echocardiograph mins
4 Two-dimensional Echocardiograph Bicycle 0.5W/kg / 2 minutes Peak Manual
5 Echocardiograph (unclear method) Treadmill Bruce Peak NR
6 Electrocardiography and echocardiography  Treadmill Bruce Peak NR
(unclear method)
7 Two-dimensional transthoracic Treadmill 5-minute warmup (2 minutes at ~ Peak Automated
echocardiography 3mph then 3 minutes at 5mph),
the test began at 0% incline and
a self-selected constant speed.
Grade increased by 2% every 2
minutes until 8 minutes, after
which it increased by 1% every
minute until volitional
exhaustion
8 M-Mode Echocardiograph Bicycle Steady state at 52%V02max Submaximal (52%V O2max) NR
9 Transthoracic echocardiography Treadmill Modified Bruce Peak NR
10  Two-dimensional m-mode Bicycle 20W / minute Submaximal (40W) Manual
Echocardiograph
11 Two-dimensional m-mode Bicycle 25W / 2 minutes. Submaximal (100W) Manual
Echocardiograph
12  Echocardiograph (unclear method) Bicycle Graded — NR Submaximal and Peak Automated

LLT



13

14

15

16

17

18

19

20

21

22

23

24
25

8.1

Two-dimensional m-mode
Echocardiograph
Two-dimensional m-mode
Echocardiograph
Two-dimensional m-mode
Echocardiograph
Two-dimensional m-mode
Echocardiograph
Two-dimensional m-mode
Echocardiograph
Two-dimensional m-mode
Echocardiograph
Two-dimensional m-mode
Echocardiograph
Echocardiograph (unclear method)

Two-dimensional m-mode
Echocardiograph
Two-dimensional m-mode
Echocardiograph
Two-dimensional m-mode
Echocardiograph

Magnetic resonance imaging
Two-dimensional m-mode
Echocardiograph

Bicycle
Treadmill
Treadmill
Bicycle
Bicycle
Treadmill
Bicycle
Treadmill
Treadmill
Treadmill
Treadmill

Treadmill
Treadmill

Male: 30 W/ 3 minutes;
Female: 20 W/ 3 minutes
Bruce

Bruce

Astrand & Rhyming's adapted
50 W/ 3 minutes.

Bruce

50W/ 4 minutes

Bruce

Bruce

Bruce

Bruce

NR

Nine 2-minute increments. Stage
1: 3.0 miles/hr at 2% grade;
stages 2-6 were 3.4miles/hr
beginning at a 6% grade and

increased by 4% each stage so
that stage 6 was at a 22% grade;

Peak

Peak

Peak

Peak

Peak

Peak

Submaximal (50W)
Submaximal (5 mets) and
Peak

Submaximal (7 mets) and
Peak

Peak

Submaximal (Stage 1) and
Peak

Peak
Peak

NR

Manual

Manual

NR

Manual

Automated

Manual

Manual

Automated

NR

Manual

NR
Manual



26

27

28
29

30

31

32

33
34

35

36

37
38

39

6.1

Two-dimensional m-mode
Echocardiograph
m-mode Echocardiography

Echocardiograph
Two-dimensional m-mode
Echocardiograph
Two-dimensional m-mode
Echocardiograph
Two-dimensional m-mode
Echocardiograph
Two-dimensional m-mode
Echocardiograph
Electrocardiograph
Two-dimensional m-mode
Echocardiograph
Two-dimensional m-mode
Echocardiograph
Two-dimensional m-mode
Echocardiograph
Echocardiograph
Two-dimensional m-mode
Echocardiograph
Two-dimensional m-mode
Echocardiograph

Treadmill
Bicycle

Treadmill
Bicycle

Treadmill
Treadmill
Treadmill

Treadmill
Bicycle

Treadmill
Treadmill

Treadmill
Treadmill

Treadmill

stages 7 and 8 were 4.2 miles/hr
at 22% and 25% grades; stage 9
was 5.6 miles/hr at 25% grade.

Bruce
300 kpm / 4 minutes

Graded
25W/3mins

Bruce
Bruce
Bruce

Balke
50W / 6 minutes

Bruce
Bruce

Duke-Wake-Forest
Bruce

Bruce

Submaximal (Stage 3) and
Peak

Submaximal (300kpm) and
Peak

Maximal

Submaximal (100W)

Peak
Peak
Peak

Peak
Peak

Submaximal (Stage 1) and
Peak
Submaximal (Stage 1) and
Peak
Peak
Submaximal (Stage 1) and
Peak
Peak

Manual

NR

Manual
Manual

Manual

Manual

Manual

Manual
Manual

Manual

NR

Automated
NR

Manual



40  Two-dimensional m-mode Bicycle Steady state at 100W Submaximal (100W) Manual
Echocardiograph
41  Two-dimensional m-mode Treadmill NR Peak Manual
Echocardiograph
42  Two-dimensional transthoracic Treadmill Bruce Peak Manual
Echocardiograph
43 Two-dimensional Echocardiograph Supine 25W/3mins Peak Automated
Bicycle
44 Two-dimensional m-mode Treadmill Modified Bulke Ware Peak Manual
Echocardiograph
45  Magnetic resonance imaging Treadmill Modified Bulke Peak NR
46  Transthoracic Echocardiograph Treadmill Bruce Peak Manual
47  Echocardiograph Treadmill Modified Bulke Maximal Automated
48  M-mode Echocardiograph Treadmill Bruce Peak Manual
49  Two-dimensional m-mode Treadmill Bruce Peak Manual
Echocardiograph
Appendix Table 3.2 cont.
Left ventricle Study quality _Included
# Hypertensive exercise BP response threshold h Analysis type (Newcastle in meta-
ypertrophy threshold Ottawa scale)  analysi
ysis
1 Male >210/105 mmHg; Female >190/105 mmHg Categorical only 55 Yes
9 Male: Systolic BP>210 mmHg; Female: Systolic BP >190 !_eft ventricular mass Categorical only 6.5 Yes
mmHg index> 143g/m
3 NR Continuous only 55 Yes
4 ll}ndrz:]lle_igSystollc BP>220 mmHg; Female: Systolic BP >200 Categorical only 35 Yes
5 Male: Systolic BP>210 mmHg; Female: Systolic BP >190 Left ventricular Categorical only 6.5 Yes

08T

mmHg

mass > 215¢



10
11

12
13

14

15

16
17

18
19
20
21
22
23

181

Male: Systolic BP>210 mmHg; Female: Systolic BP >190
mmHg

Male: Systolic BP>210 mmHg; Female: Systolic BP >190
mmHg

NR

Male: Systolic BP>210 mmHg; Female: Systolic BP >190
mmHg

NR

Systolic BP >192 mmHg (values > mean exercise systolic
BP in Normotensive group plus 2 standard deviations)

NR

NR

Systolic BP>210 mmHg

Systolic BP>210 mmHg

Systolic BP>220 mmHg

NR

Male: Systolic BP>210 mmHg; Female: Systolic BP >190
mmHg

NR

Systolic BP>150 mmHg

NR

Male: Systolic BP>210 mmHg; Female: Systolic BP >190
mmHg

NR

Undefined

Left ventricular mass

index > 134 g/m?
left ventricular

mass index was >134

g/m2 for men and

>110 g/m? for women

Categorical only

Categorical only
Continuous only
Categorical only
Continuous only
Categorical only

Continuous only
Continuous only
Categorical and
continuous

Categorical and
continuous

Categorical only
Continuous only

Categorical only

Continuous only
Categorical and
continuous
Continuous only
Categorical and
continuous
Continuous only

6.5

2.5
7.5

2.5
2.5

5.5
7.5

5.5

4.5
2.5

4.5

Yes

Yes
Yes
Yes
Yes
Yes

No
Yes

Yes

Yes

Yes
Yes

Yes
Yes
Yes
Yes
Yes
Yes



24
25
26

27
28

29

30

31

32

33

34
35
36
37

38

39
40

¢81

Systolic BP>210 mmHg or change in diastolic BP>10
mmHg from compared to resting BP

NR

Male: Systolic BP>210 mmHg; Female: Systolic BP >190
mmHg

NA

NR

either systolic BP or diastolic BP above the 95th percentile
values

Male: Systolic BP>210/105 mmHg; Female: Systolic BP
>190/105 mmHg

Systolic BP>210 mmHg

Male: Systolic BP>210/105 mmHg; Female: Systolic BP
>190/105 mmHg

Systolic BP>200 mmHg

Systolic BP>200 mmHg
NR
NR
NR

Systolic BP>210 mmHg

Systolic BP>190 mmHg
>210/110 mmHg

Left ventricular mass

index > 134 g/m?

Rus/R ve = 26mm, Ravi
=11 mm. R /R v6+S
vi=35mmorR; +S3 =

24 mm

Left ventricular mass

index> 134 g/m?

Left ventricular mass

index> 100 g/m?

categorical only

Categorical only
Categorical and
continuous
Continuous only
Continuous only

Categorical only

Categorical only

Categorical and
continuous

Categorical only

Categorical only

Continuous only
Continuous only
Continuous only
Continuous only

Categorical only

Categorical and
continuous
Continuous only

5.5
5.5
7.5

2.5

4.5

2.5

2.5
4.5

Yes
No
Yes

Yes
Yes

Yes

Yes

Yes

Yes

Yes

Yes
Yes
Yes
No

Yes

Yes
Yes



Left ventricular mass

- 2.7 -
41 Male >210/105 mmHg: Female >190/105 mmHg index >49.2 g/m™" for - Categorical and 6 Yes
men and >46.7 g/m continuous
for women.
42 Male >210/105 mmHg; Female >190/105 mmHg Continuous 6.5 No
Difference of peak and baseline systolic BP >60 mm Hg in
43 men and >50 mm Hg Categorical only 5 Yes
in women compared to resting BP
44 Systolic BP>210 mmHg Continuous only 5 Yes
45 NR Continuous only 45 Yes
: i > : : i > .
16 ?n/[re:]la.gSystohc BP>210 mmHg; Female: Systolic BP >190 Categorical only 55 Yes
47 Male: Systolic BP>210/105 mmHg; Female: Systolic BP Categorical only 5 Yes
>190/105 mmHg
48A  Systolic BP>200 mmHg Categorical and Yes
continuous 2.5
48B  Systolic BP>200 mmHg Categorical only Yes
49 lr\n/[re:lla:gSystohc BP>200 mmHg; Female: Systolic BP >190 Categorical only 55 Yes

BP, blood pressure; HRE, hypertensive response to exercise; NR, not reported Study populations classified as “hypertensive” based on a resting BP
>140/90 mmHg or prescribed antihypertensive medication. Study populations were classified “apparently health” include those with no history of
chronic disease. Study populations classified a “mixed” status when analyses comprised of individuals with and without resting BP or various health
statuses, e.g. analyses including people with and without a chronic disease. Analysis type refers to data being extracted from each study with categorical
denoting cardiac structure between those with and without an HRE and continuous denoting the correlation between exercise systolic BP and cardiac

structure.

€81



Appendix Table 3.3. Correlation between cardiac structure parameter and exercise blood
pressure (BP) across different study populations (based on resting BP and health status),
various exercise test modalities (i.e. exercise intensity when blood pressure was measured and
exercise modality) and study quality (assessed using the Newcastle-Ottawa Scale).

Number Correlation 95% P-value  Heterogeneity
of coefficient  confidence for explained, R?
Subgroup studies (1) interval correlation (%)
Left ventricle mass
Resting  Not
BP hypertensive 5 0.48 0.39 0.57 0.003 48
statust  Hypertensive 4 0.16 -0.14 0.45
Mixed 1 0.36 0.18 0.54
Health  Apparently
status healthy 9 0.33 0.22 0.44 0.002 40
Athletic 1 0.88 0.76 1
Chronic
disease 1 0.27 0.12 0.42
Mixed 1 0.51 0.29 0.29
Exercise  Submaximal 6 0.39 0.12 0.66 0.825 0
intensity Peak 6 0.39 0.27 0.5
Exercise  Treadmill 7 0.38 0.27 0.49 0.762 7
modality Bicycle 5 0.39 0.1 0.68
Study
quality 12 0.09 0.04 0.14 <0.01 43
Left ventricle mass indexed by body surface area
Resting  Not
BP hypertensive 7 0.34 0.25 0.44 0.465 38
status Hypertensive 4 0.42 0.27 0.56
Mixed 3 0.32 0.16 0.48
Health  Athletic 1 0.17 0.09 0.25 0.123 13
status Apparently
healthy 11 0.37 0.29 0.46
Mixed 2 0.5 0.34 0.66
Exercise  Submaximal 6 0.22 0.14 0.29 0.008 51
intensity Peak 8 0.44 0.3 0.58
Exercise  Treadmill 9 0.3 0.22 0.38 0.014 42
modality Bicycle 5 0.47 0.39 0.56
Study
quality 14 0.06 0.02 0.10 <0.01 61
Left ventricle mass indexed by height?®”’
Resting  Not
BP hypertensive 2 0.47 0.3 0.64 0.248 31
status Hypertensive 1 0.29 0.11 0.47
Health Apparently
status healthy 2 0.56 0.43 0.68 0.002 71
Mixed 1 0.18 0.02 0.34
Exercise  Submaximal 1 0.67 0.63 0.71 <0.001 100
intensity Peak 2 0.23 0.11 0.34
Study -
quality 3 -0.34 -0.44 0.24 <0.01 100

Relative wall thickness
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Resting  Not

BP hypertensive 1 0.33 0.18 0.48 0.002 100
status Mixed 2 0.07 -0.02 0.17
Exercise Treadmill 2 0.17 -0.01 0.35 0.793 9
modality Bicycle 1 0.21 0.02 04
Study
quality 3 0.29 0.13 0.46 <0.01 100
Posterior wall thickness
Health
status Athletic 1 0.56 0.19 0.93 0.227 92

Apparently

healthy 3 0.31 0.13 05
Exercise Submaximal 3 0.44 0.27 0.62 0.062 100
intensity Peak 1 0.15 -0.1 04
Study
quality 4 -0.03 -0.13 0.08 0.64 23
Interventricular septal thickness
Exercise Submaximal 2 0.48 0.3 0.67 0.01 100
intensity Peak 1 0.07 -0.18 0.32
Study
quality 3 -0.09 -0.26 0.09 0.33 41

ttwo of the 12 available studies did not report a resting BP status and were excluded from

meta-regressions
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Appendix Table 3.4. Mean difference in cardiac structure parameter between those with and
without a hypertensive response to exercise across different study populations (based on resting
blood pressure [BP] and health status), various exercise test modalities (i.e. exercise intensity
when blood pressure was measured and exercise modality) and study quality (assessed using

the Newcastle-Ottawa Scale).

Mean
Number difference 95% P-value Heterogeneity
of orrisk  confidence for explained, R?
Subgroup studies ratio interval difference (%)
Left ventricle mass ()
Health — Apparently 3 5432 3859 70.06  0.002 40
status healthy
Chronic 2 2079 028 413
disease
Exercise  Submaximal 1 43 38.47 47.53 0.825 0
intensity  Peak 4 48.26 24.07 72.46
Study
: 5 0.58 -22.06 23.22 0.96 0
quality
Left ventricle mass indexed by body surface area (g/m?)
Resting  Not
BP status hypertensive 16 8.04 448 116 0.055 13
Hypertensive 3 0.14 -3.42  3.69
Health Athletic 3 5.32 2.08 8.56 0.759 0
status  Apparently 13 709 295 11.24
healthy
Chronic 2 615 231 146
disease
Mixed 2 9.52 1.8 17.24
Exercise  Submaximal 2 1.33 -8.37 11.03 0.108 0
intensity  Peak 17 8.47 456 12.38
Exercise  Treadmill 15 9.43 4.4  14.46 0.065 0
modality Bicycle 5 3.06 0.04 6.07
Study 20 175 511 161 031 0
quality
Left ventricle mass indexed by height®’ (g/m?7)
Resting  Not
BP status hypertensive 2 8.8 021 178 0.427 17
Hypertensive 1 2.5 0.03 4.97
Exercise  Submaximal 1 13.2 1199 14.41 <0.001 100
intensity  Peak 2 2.93 0.84 5.02
Study 3 705  -1357 -053 0.3 77
quality
Left ventricle hypertrophy (risk ratio)
Resting  Not
BP status hypertensive 7 2.71 211 349 0.468 0
Hypertensive 2 2.74 0.24 30.72
Mixed 1 1.7 119 242
Health — Apparently 9 285 193 422 029 0
status healthy
Chronic 1 1.7 119 2.42
disease
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Study

: 10 0.03 -0.23  0.29 0.82 0
quality
Relative wall thickness
Resting  Not
BP status hypertensive 8 0.02 0.01 0.03 0.061 15
Hypertensive 2 0 -0.03 0.03
Health Athlete 1 0.01 0 0.02 0.201 0
status  Apparently 7 002 001 0.03
healthy
Mixed 2 0.04 0.02 0.06
Exercise  Submaximal 2 0.03 0.03 0.03 0.072 50
intensity  Peak 8 0.02 0.01 0.03
Exercise  Treadmill 5 0.02 0 0.04 0.883 0
modality Bicycle 5 0.02 0.01 0.03
Study 10 001 000 001 003 51
quality
Posterior wall thickness (mm)
Resting  Not
BP status hypertensive 7 0.82 038 1.26 0.351 0
Hypertensive 1 -0.1 -0.52 0.32
Mixed 1 1.47 091 203
Health — Apparently 7 069 024 113 0331 0
status healthy
Mixed 2 1.18 059 1.77
Exercise  Submaximal 3 0.65 0.04 127 0.631 0
intensity  Peak 6 0.89 0.16 1.61
Exercise  Treadmill 6 1.11 0.61 161 0.01 35
modality Bicycle 3 0.23 -0.09 054
Study 9 033 -071 004 008 29
quality
Interventricular septal thickness (mm)
Resting  Not
BP status hypertensive 0.78 041 116 0.501 0
Hypertensive 1 0.1 -0.27  0.47
Mixed 1 1.65 099 23
Health Athletic 1 0.88 -1.09 285 0.099 5
status Apparently 7 064 027 102
healthy
Mixed 2 1.36 0.83 1.88
Exercise  Submaximal 3 0.62 0.16 1.09 0.474 0
intensity  Peak 7 0.95 029 161
Exercise  Treadmill 7 1.1 0.69 151 0.005 32
modality Bicycle 3 0.22 -0.16 0.6
Study 10 03 066 006 0.1 11
quality
Left ventricle end-diastolic dimension (mm)
Resting  Not
BP status hypertensive 12 0.83 -0.25 1091 0.895 0
Hypertensive 1 0.7 -0.62 2.02
Mixed 1 0.48 -1.09 2.05
Athlete 1 2 1.14  2.86 0.725 0
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Health Apparently i
status healthy 10 0.6 0.63 183
Chronic 1 12 -114 354
disease
Mixed 2 0.77 -0.53 2.08
Exercise  Submaximal 3 0.03 -2.86 292 0.504 0
intensity  Peak 11 1.02 044 1.59
Exercise  Treadmill 10 1.35 048 2.22 0.055 40
modality Bicycle 4 -04 -2.09 1.29
Study 14 4 184 017 002 46
quality
Left ventricle end-systolic dimension (mm)
Resting  Not i
BP status hypertensive 6 0.7 176 3.16 0.594 0
Mixed 1 -1.07 -2.6 0.45
Health — Apparently 5 074  -202 351  0.639 0
status healthy
Chronic 1 05  -135 235
disease
Mixed 1 -1.07 -26 045
Exercise ~ Submaximal 2 -0.1 -5 4.8 0.767 0
intensity  Peak 5 0.65 -0.57 1.87
Exercise  Treadmill 6 1.03 -0.22 2.29 0.018 77
modality Bicycle 1 -2.6 -3.08 -2.12
Study 6 207  -38 -027 002 79
quality
Left atrial size (mm)
Resting  Not
BP status  hypertensive 7 2.05 1 3.1 0.281 9.218
Mixed 1 3.73 1.97 548
Health — Apparently 4 289 175 402 0937 0
status healthy
Athletic 2 0.73 -0.39 184
Chronic 1 18 006 548
disease
Mixed 1 3.73 1.97 3.66
Exercise  Treadmill 7 2.52 0.53 053 0.226 21
modality Bicycle 1 1 032 1.68
Study 7 003  -1.39 144 097 0
quality
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Records identified through
database searching

Other records identified
via reference lists

Aug 2020) (n = 29, 851)

(n=51)

(Medline via Ovid, Embase
via Ovid & Scopus till 18th

Duplicates

v

Avrticles reviewed by title and abstract

(n = 13,670)

A

(n = 16,232)

A 4

Articles eligible for review by full text

(n = 131)

\4

Excluded by title or abstract
(n=13,539)

A

Articles initially
available for review
(n=49)

A

Inappropriate units
(n=1)

Articles included in
systematic review
(n=49)

Unable to combine |¢

(n=2)

A 4

Missing data (n=1)

Articles included in
meta-analysis
(n=45)

Full-text articles excluded with
reasons (n = 82):

Brief communication (n = 1)

Conference abstract (n = 8)

Review article (n = 5)

Letter (n = 4)

Editorial (n=1)

No outcome data (n = 43)

Exercise BP not reported (n =

2)

Reported as a dependant

variable, not independent (n =

2)

Pre-test exercise BP reported

only (n=2)

Reported as delta (n = 3)

Population <18 years (n = 5)

Strength exercise test not

dynamic (n = 3)

Not in English language (n = 1)

Prospective analysis (n = 2)

Appendix Figure 3.1. PRISMA flow chart of literature search and selection of
articles included in the systematic review and meta-analysis.
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First author and Year

Correlation

Douglas 1986
Fagard 1995
Gottdiener 1990
Karjalainen 1997
Kop 2000

Lauer 1992
Michelsen 1990
Papademetric 1989
Schmieder 1990
Smith 1992
Sung 2003
Vriend 2004

Pooled correlation for All studies
(Q=131.49, df = 11, p = 0.00; I?

Appendix Figure 3.2. Random effect estimate for the unadjusted strength of association and 95% confidence intervals (CI) between exercise blood

pressure and left ventricle mass.

06T

Participants (n) [95% Cl]
14 —a— 0.88[0.76, 1.00]
92 R — 0.36 [0.18, 0.54]
39 — 0.71[0.55, 0.87]
47 — 0.51[0.29, 0.72]
36 L —— 0.42[0.15, 0.69]
1978 - 0.51[0.48, 0.54]
95 — 0.09 [-0.11, 0.29]
19 Lo 0.48[0.12, 0.83]
73 S 0.07 [-0.16, 0.30]
65 — -0.28 [-0.51, -0.05]
77 — 0.41[0.22, 0.60]
144 ——t 0.27[0.12, 0.42]
S 0.39 [0.28, 0.49]
= 82.5%)
| | | T |
1 05 0 0.5 1

Correlation coefficent (Pearson's r)



Mean difference

First author & Year HRE- HRE+ [95% CI]
Bitigen 2007 20 32 —— 72.30 [ 54.03, 90.57]
Kilicaslan 2015 33 33 h—-—| 18.40 [-3.20, 40.00]
Kokkinos 2007 430 360 HEH 43.00 [ 38.47, 47.53]
Polonia 1992 60 100 —— 53.65 [ 40.20, 67.10]
Vriend 2004 35 13 b i 42.56 [-22.63, 107.75]

Pooled mean difference for all studies :
(Q=16.70, df = 4, p =0.00; 1% = 76.0%) i 47.25[32.70, 61.80]
Higher in HRE- Higher in HRE+
| | i | | | I |
50  -25 0 25 50 75 100 125

Mean Difference (g)

Appendix Figure 3.3. Random effect estimate for the mean difference and 95% confidence intervals (CI) in left ventricle mass between individuals with
and without a hypertensive response to exercise (HRE) across all eligible studies.

167



Correlation

First author and Year Participants (n) [95% Cl]
Kokkinos 2007 790 il 0.67 [0.63, 0.71]
Scott 2008 146 : | 0.18 [0.02, 0.34]
Tsiachris 2010 99 L : 0.29[0.11, 0.47]
Pooled correlation for all studies e 0.39 [0.31, 0.48]

(Q =49.20, df = 2, p = 0.00: I? = 80.2%)

i I I I |
0 0.2 0.4 0.6 0.8

Correlation coefficent (Pearson's r)

Appendix Figure 3.4. Random effect estimate for the unadjusted strength of association between exercise blood pressure and left ventricle mass indexed
by height?”.
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Mean difference

First author and Year HRE- HRE+ [95% Cl]
Kokkinos 2007 430 360 —— 13.20[11.99, 14.41]
Scott 2008 92 54 = 4.00[0.09, 7.91]
Tsiachris 2010 63 36 )—I—! 2.50[0.03, 4.97]

Pooled mean difference for all studies

(Q=69.99,df =2, p=0.00; I?= 97 .1%) —-—-——-— 6.66 [-1.36, 14.68]
Higher in HRE- Higher in HRE+
| i ! ! |
-5 0 5 10 15

Mean difference (g/m*2.7)

Appendix Figure 3.5. Random effect estimate for the mean difference and 95% confidence intervals (CI) in left ventricle mass indexed by height®’
between individuals with and without a hypertensive response to exercise (HRE) across all eligible studies.

€61



Correlation

First author and Year Participants (n) [95% Cl]
Cardillo 1996 95 1 0.21[0.02, 0.40]
Mazic 2015 517 l—'-l—| 0.04 [-0.05, 0.13]
Scott 2008 146 ——y 0.33[0.18, 0.48]
Pooled correlation for all studies e —— 0.18 [0.03, 0.32]

(Q=12.15,df =2, p = 0.00; I° = 70.3%)

1 T T T T 1
01 0 0.1 0.3 0.5

Correlation Coefficient (Pearson's r)

Appendix Figure 3.6. Random effect estimate for the unadjusted strength of association and 95% confidence intervals (CI) between exercise blood
pressure and relative wall thickness.
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Correlation

coefficient
First author and Year Participants (n) [95% CI]
Grossman 1994 60 n—-—c 0.07 [-0.18, 0.32]
Lim 2001 49 —— 0.49[0.28, 0.71]
Papademetrio 1989 19 b i 0.46 [ 0.09, 0.82]
Pooled correlation for all studies ——eoaE—— 0.33[0.11, 0.56]

(Q =6.68, df = 2, p = 0.04; I = 53.1%)

— T T T T T 1
02 0 02 04 06 08 1

Correlation Coefficient (Pearson's R)

Appendix Figure 3.7. Random effect estimate for the unadjusted strength of association and 95% confidence intervals (CI) between exercise blood
pressure and interventricular septal thickness.
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Correlation

] coefficient
First author and Year Participants (n) [95% Cl]
Douglas 1986 14 C i 0.56[0.19, 0.93]
Grossman 1994 60 |—~—-—| 0.15[-0.10, 0.40]
Lim 2001 49 —— 0.30 [ 0.04, 0.56]
Papademetrio 1989 19 —. 0.57[0.25, 0.88]
Pooled correlation for all studies et 0.36 [0.19, 0.53]

(Q=564,df=3,p=0.13; I = 28.5%)

-02 0 02 0.6 1

Correlation Coefficient (Pearson's R)

Appendix Figure 3.8. Random effect estimate for the unadjusted strength of association and 95% confidence intervals (CI) between exercise blood
pressure and posterior wall thickness.
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Mean difference

First author and Year HRE- HRE+ [95% CI]
Caselli 2016 1734 142 il 0.01[0.00,0.02]
Fazio 2005 31 9 —— 0.03[0.02, 0.04]
Herkenhoff 1997 20 20 l—-—¢ 0.02[0.00, 0.04]
Lauer 1992 1789 189 —a— 0.02[0.01, 0.03]
Miyai 2005 27 27 — 0.03[0.02, 0.04]
Mizuno 2016 83 40 .—-—. -0.01[-0.03, 0.01]
Mottram 2004 17 41 ' ) 0.03[0.01,0.05]
Scott 2008 92 54 : i 0.05[0.02, 0.08]
Shim 2008 36 36 : 1 0.01[-0.02, 0.04]

Tsiachris 2010 63 36 [ ! 0.02 [-0.01, 0.05]

Pooled mean difference for all studies

! —— 0.02[0.01, 0.03]
(Q=47.34,df = 9, p = 0.00; I° = 81.0%)

Higher in HRE- Higher in HRE+
| T | T T T |
-0.04 -0.02 0 0.02 0.04 0.06 0.08

Mean difference

Appendix Figure 3.9. Random effect estimate for the mean difference and 95% confidence intervals (CI) in relative wall thickness between individuals
with and without a hypertensive response to exercise (HRE) across all eligible studies.
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Mean difference

First author and Year HRE- HRE+ [95% CI]
Fazio 2005 31 9 |—I—| 0.44[0.06, 0.82]
Gottdiener 1980 17 22 — 2.20[1.32, 3.08]
Herkenhoff 1997 20 20 l—lﬂ -0.20[-0.52, 0.12]
Kokkinos 2007 430 360 [ 1.00[0.88, 1.12]
Malek 2019 24 6 b i 0.88 [-1.09, 2.85]
Miyai 2005 27 27 ] 0.40[0.28, 0.51]
Mizuno 2016 63 40 |—.—| 0.10[-0.27,0.47]
Mottram 2004 17 41 —a— 1.11[0.52, 1.70]
Polonia 1992 60 100 — 1.20[0.83, 1.57]
Takamura 2008 30 99 —— 1.65[0.99, 2.30]

Pooled mean difference for all studies
(Q=121.05,df =9, p = 0.00; I” = 92.6%) ;
Higher in HRE- Higher in HRE+

T T T T T 1
2 4 0 1 2 3 4

- 0.78 [0.44, 1.13]

Mean difference {mm)

Appendix Figure 3.10. Random effect estimate for the mean difference and 95% confidence intervals (CI) in interventricular septal thickness between
individuals with and without a hypertensive response to exercise (HRE) across all eligible studies
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Mean difference

First author and Year HRE- HRE+ [95% CI]
Fazio 2005 31 9 »—-—a 0.34[0.01, 0.67]
Gottdiener 1990 17 22 L 240[1.71,3.09]
Herkenhoff 1997 20 20 »—-—| -0.20 [-0.60, 0.20]
Kokkinos 2007 430 360 HEH 1.20 [ 1.08, 1.32]
Miyai 2005 27 27 ™ 0.40 [ 0.32, 0.48]
Mizuno 2016 63 40 n—--—| -0.10 [-0.52, 0.32]
Mottram 2004 17 41 —— 0.87[0.29, 1.45]
Polonia 1992 60 100 — 1.05 [ 0.65, 1.45]
Takamura 2008 30 g9 —_— 1.47[0.91, 2.03]
Pooled mean difference for all studies ;
(Q = 187.39, df = 8, p = 0.00; I* = 95.7%) P — 0.78[0.39, 1.18]
Higher in HRE- Higher in HRE+
| | 1 | | |
-1 0 1 2 3 4

Mean difference (mm)

Appendix Figure 3.11. Random effect estimate for the mean difference and 95% confidence intervals (CI) in posterior wall thickness between individuals
with and without a hypertensive response to exercise (HRE) across all eligible studies.
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Mean difference

First author and Year HRE- HRE+ [95% CI]
Bitigen 2007 20 32 t—'—l 2.00[-0.04, 4.04]
Duyuler 2017 44 40 n—q-—c 0.00[-1.50, 1.50]
Kilicaslan 2015 33 33 »—-—-—a 0.50[-1.35, 2.35]
Kokkinos 2007 430 360 HiH 240[1.96, 2.84]
Miyai 2005 27 27 HilH -2.60 [-3.08, -2.12]
Polonia 1992 60 100 —— 2.05[0.61, 3.49]
Takamura 2008 30 99 »—-—i -1.07 [-2.60, 0.45]

Pooled mean difference for all studies

—— 0.45 [-1.75, 2.65]
(Q = 240.89, df = 6, p = 0.00; I” = 97.5%) g
Higher in HRE- § Higher in HRE+
| | i | | |
4 2 0 2 4 6

Mean difference (mm)

Appendix Figure 3.12. Random effect estimate for the mean difference and 95% confidence intervals (CI) in left ventricle end-systolic dimension
between individuals with and without a hypertensive response to exercise (HRE) across all eligible studies.

00¢



Mean difference

First author and Year HRE- HRE+ [95% CI
Bitigen 2007 20 32 ._—.—. 2.00 [-0.59, 4.59]
Caselli 2016 1734 142 - 2.00[1.14, 2.86)
Duyuler 2017 44 40 - 1.00 [-0.52, 2.52]
Fazio 2005 31 9 — -3.00[-5.17, -0.83]
Gottdiener 1990 17 22 —_— 2.10 [-0.58, 4.78]
Herkenhoff 1997 20 20 — -1.00 [-2.58, 0.58]
Kilicaslan 2015 33 33 — . 1.20 [-1.14, 3.54]
Kokkinos 2007 430 360 HERH 3.00[2.64, 3.36]
Lauer 1992 1789 189 - 152[0.90, 2.14]
Miyai 2005 27 27 HH -0.40 [-0.85, 0.05]
Mizuno 2016 63 40 .——.—. 0.70 [-0.62, 2.02]
Mottram 2004 17 41 e — 1.43 [-0.90, 3.76]
Polonia 1992 60 100 e -0.10 [-1.53, 1.33]
Takamura 2008 30 99 — - 0.48 [-1.09, 2.05]
Pooled mean difference for all studies _____ 0.80 [-0.17, 1.76]

(Q=168.40, df = 13, p = 0.00; I° = 92.3%) . . : ) .
Higher in HRE- ; Higher in HRE+

| T | i | T |
6 4 2 0 2 4 6

Mean difference (mm)

Appendix Figure 3.13. Random effect estimate for the mean difference and 95% confidence intervals (Cl) in left ventricle end-diastolic dimension
between 4individuals with and without a hypertensive response to exercise (HRE) across all eligible studies.
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Mean difference

First author and Year HRE- HRE+ [95% CI]
Bitigen 2007 20 32 —— 2.00[0.51, 3.49]
Caselli 2016 1734 142 —l— 1.00[0.32, 1.68]
Duyuler 2017 44 40 —— 2.00[0.48, 3.52]
Gottdiener 1990 17 22 ' i1 4.90[ 2.54, 7.26]
Kilicaslan 2015 33 33 l—-—t 1.80 [-0.086, 3.66]
Malek 2019 24 6 t 1 -0.45[-2.79, 1.89]
Polonia 1292 60 100 — 3.40[2.11, 4.69]
Takamura 2008 30 99 —_——y 3.73[1.97, 5.48]
Pooled mean difference for all studies . 2.25[1.23, 3.27]
(Q=26.03,df =7, p=0.00; I = 73.1%)
Higher in HRE- : Higher in HRE+
[ I I [ | I
-5 25 0 25 5 75

Mean difference (mm)

Appendix Figure 3.14. Random effect estimate for the mean difference and 95% confidence intervals (CI) in left atrial size between individuals with
and without a hypertensive response to exercise (HRE) across all eligible studies.
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Appendix Figure 3.15. Funnel plot representing the publication bias for all meta-analyses conducted using continuous data. A) left ventricle mass; B)
left ventricle mass indexed by body surface area; C) left ventricle mass indexed by height>’; D) relative wall thickness; E) interventricular septal thickness
and; F) posterior wall thickness. Funnel plots and egger’s tests present an absence of publication bias across all outcomes. A trim and fill analysis was
also conducted on left ventricle mass, left ventricle mass indexed by body surface area, left ventricle mass indexed by height>” and relative wall thickness.
Filled dots represents the observed studies in the meta-analysis and unfilled dots signify potential studies missing from the meta-analysis.
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Appendix Figure 3.16. Funnel plot representing the publication bias for all meta-analyses conducted using categorical data. A) left ventricle mass; B)
left ventricle mass indexed body surface area; C) left ventricle mass indexed by height>’; D) left ventricle hypertrophy; E) relative wall thickness; F)
interventricular septal thickness; G) posterior wall thickness; H) left ventricular end-diastolic dimension; 1) left ventricular end-systolic dimension and;
J) left atrial size. Funnel plots and egger’s tests present an absence of publication bias across all outcomes. A trim and fill analysis was also conducted
on left ventricle mass indexed body surface area. Filled dots represents the observed studies in the meta-analysis
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APPENDIX C. SUPPLEMENTARY MATERIAL FOR CHAPTER 4.
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Supplementary methods.

Data extraction. Mundal et al. [124] reported the relationship between total
cholesterol and triglycerides across five different exercise systolic BP categories, of
which the lowest and highest exercise systolic BP categories were extracted, with the
highest category of exercise systolic BP defined as an HRE and lowest category
representing the reference group. Sebban et al. [209] assessed the association between
exercise systolic BP and aortic pulse wave velocity across different exercise intensities,
of which the association at the lowest intensity was extracted for analysis.

Statistical analysis. A single sample size, mean and standard deviation were
calculated for the two sub-groups without an HRE reported by Fazio et al. [207] and
two sub-groups with an HRE reported by Sharabi et al. [208] The two separate
associations between exercise systolic BP and aortic pulse wave velocity reported by
Sebban et al. [209] were combined to form a single unadjusted correlation estimate

using a sample wise-adjusted procedure.[281]
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Appendix Table 4.1. Characteristics of 38 studies reporting exercise blood pressure and cardiovascular risk factor.

i Body Mass Diabetes .
(I;:rsé:#thor Population type n nM(aLI/e), Ar\r?:agyﬁgg ’ Index, mellitus, Snr:czl;/lr)lg,
y ° mean (SD) n (%) °

Andersen Not hypertensive and apparently healthy
2003[211] offsprings of two hypertensive parents 25 18 (72) 27.1(4.5) 24.2(3.6) 000 13(52)
Not hypertensive and apparently healthy
offsprings of two normotensive parents 26 18 (69) 21.0(5.6) 239 (2.1) 000 6(23)
Bitigen Not hypertensive apparently healthy with an
2007[74] HRE 32 17 (53) 48.7 (7) 24 (5) 0 0
H%tEhypertenswe apparently healthy without an 20 11 (55) 478 (5) 25 (4) 0 0
ZB(J)?);n[gilzt] Apparently healthy with mixed BP status 1947 1947 (100) 40-59 NR 0(0) NR
Bratberg Overweight apparently health with mixed BP
2014[71] statuses with an HRE 25 18 (72) 506 (9.3) 33(4.8) 1(4) 9 (36)
Overweight apparently health with mixed BP
status with an HRE 52 25 (28) 47.3 (9.8) 32.5(4.8) 5 (10) 19 (37)
ggigl[us] Not hypertensive athletes with an HRE 142 1190 (63) 26 (6) 23.8 (3.4) 0 1(1)
Not hypertensive athletes without an HRE 1734 24 (6) 22.7 (2.36) 0 48 (3)
Chang Not hypertensive apparently healthy with an
2003[118] HRE 35 33 (94) 47 (8) 0 (0) 12 (34)
Not hypertensive apparently healthy without an NR
HRE 35 33 (94) 44 (8) 0 (0) 15 (43)
Chang Not hypertensive apparently healthy with an
2004[117] HRE 25 23 (92) 44.7 (8.8) NR 0 (0) 10 (40)

L0Z



10

11

12

13

14

Climie
2015[283]

Coner
2019[126]

Cote
2019[128]

Currie
2017[77]

Duyuler
2017[120]

Fazio
2005[207]

Gaudreault
2013[122]

80¢

Not hypertensive apparently healthy without an
HRE

Population with type 2 diabetes mellitus with
normotension (38%) or high blood pressure
(62%)

Not hypertensive apparently healthy with an
HRE

Not hypertensive apparently healthy without an
HRE

Mixed health and BP status with an HRE

Mixed health and BP status without an HRE

Athletic without resting hypertension with an
HRE

Athletic without resting hypertension or an HRE
Not hypertensive apparently healthy with an
HRE

Not hypertensive apparently healthy without an
HRE

Not hypertensive apparently healthy
prehypertensive with an HRE

Apparently healthy normotensive without an
HRE

Apparently healthy prehypertensive without an
HRE

Not hypertensive with metabolic syndrome with
an HRE

Not hypertensive with metabolic syndrome
without an HRE

25

39

31

139

892
3021

22
11
40

44

20

11

51

47

23 (92) 46.7 (8.7)
19 (49) 63 (9)
31 (45) 45.3 (5.8)
86 (61.8)  42.9(7.1)
620 48.4 (10.4)
2012 41.1(10.8)
16 (73) 56 (6)
8 (73) 55 (5)
20 (50) 47.7 (10)
28 (64) 48 (7)
6 (67) 41 (9)
8 (40) 47.7 (10)
8 (73) 38 (7)
51 (100) 49 (8)
47 (100) 47 (7)

30.5 (4.8)

29.6 (5.2)
26.3 (3.2)

29.2 (5.3)
26.1 (4.3)

23.7 (2.2)
23.2 (1.4)
28.1 (3.9)

25.4 (3.8)
25 (1)
25 (1)
24 (1)

31.1(3)

306 (2)

0 (0)

39 (100)

0 (0)

0(0)

157 (4)

0(0)
0(0)
5 (13.5)

2 (4.5)
0(0)
0(0)
0(0)
0(0)

0(0)

9 (36)

3 (8)

13 (41.9)

35 (35.2)

548 (14)

0 (0)
0 (0)
13 (32.5)

18 (40.9)
0(0)
0(0)
0(0)
0(0)

0(0)



15

16

17

18

19

20

21

22

Hout
2011[138]
Jae
2006a[116]

Jae
2006b[123]

Jae
2018[119]

Kilicaslan
2015[78]

Miyai
2005[284]

Mundal
1998[124]

Nikolic
2015[112]

60¢

Not hypertensive apparently healthy

Not hypertensive apparently healthy with an
H?tEhypertensive apparently healthy without an
H?tEhypertensive apparently healthy with an
H?tEhypertensive apparently healthy without an
H?tEhypertensive apparently healthy with an
HEtEhypertensive apparently healthy without an
HEtEhypertensive apparently healthy with an
HEtEhypertensive apparently healthy without an
HEtEhypertensive apparently healthy with an
HstEhypertensive apparently healthy without an
Z;cirently healthy with mixed BP status and an
Zgrirently healthy with mixed BP status
without an HRE

Apparently healthy with mixed BP status and an
HRE

317

375

8698

43

42

152

4488

33

33

27

27

289

489

20

171 (54)

9073 (100)

43 (100)
42 (100)
152 (100)
4488 (100)
14 (47)

17 (52)

54 (100)

289 (100)
489 (100)

14 (70)

34.8 (12.8)
49.9 (8.9)
47.6 (8.8)
49.9 (8.9)
47.6 (8.8)
49.4 (7.8)
49.1(7.4)
45.3 (10.3)
40.7 (9.6)
39.9 (1)
40 (1)
NR
NR

60 (10)

26.1 (5.2)
25.4 (2.7)
24.1 (4.8)
25 (2)
25 (2)
25.7 (2.8)
24.2 (2.5)
28.6 (4.7)
26.8 (4.2)
23.1(0.6)
23.1(0.4)
24.9 (3)
24 (2.5)

28.9 (5.1)

0 (0)
0(0)
0(0)
0(0)
0(0)
0(0)
0(0)
0(0)
0(0)
0(0)
0(0)
0(0)
0(0)

NR

79 (24)

115 (30.7)

2567
(29.5)

17 (40)
14 (34)
41 (27)
862 (19.2)
12 (36)
11 (33)
11 (40.7)

9 (33.3)

141
(4925)

220 (45)

NR



23

24

25

26

27

28

29

30

Park
2006[121]

Prud-homme
1994[125]
Scott
2008[43]

Sebban
1981[209]

Sharabi
2001[208]

Sharman
2011[70]
Sharman
2018[107]

Shim
2008[79]

0T¢

Apparently healthy with mixed BP status
without an HRE
Hypertensive apparently healthy with an HRE

Hypertensive apparently healthy without an HRE
Not hypertensive apparently healthy

Mixed BP and health status with an HRE

Mixed BP and health status without an HRE
Apparently healthy with mixed BP status

Apparently healthy with mixed BP status

Apparently healthy with mixed BP status and an
HRE

Apparently healthy with mixed BP status
without an HRE

Apparently healthy with mixed BP status and an
HRE

Not hypertensive apparently healthy

Mixed health and BP status with an HRE

Mixed health and BP status without an HRE
Not hypertensive apparently healthy with an
HRE

Not hypertensive apparently healthy without an
HRE

44

79
196
25

54
94
13

13

18

81

99

101

4626
4350
36

36

31 (71)

38 (48)
106 (54)
0(0)

31 (57)
24 (26)
0 (0)

0(0)
16 (89)
74 (91)
99 (100)
43 (60)

2949 (63.96)
2542 (58.44)
18 (50)

18 (50)

56 (10)

56.1 (9.4)
53.9 (8.9)
35.1 (6.1)

NR

67 (53-73)

79.5 (56-
100)

36.5 (2.8)
35 (4.1)
36.8 (4.2)
54 (9)

60 (6.4)
59 (5.88)
50 (16)

50 (16)

26.6 (3.4)

25.7 (3.1)
25 (2.9)
40.6 (11.2)

NR

NR
NR
25.5 (2.8)
24.2 (2.7)
24.6 (2.9)
28.6 (3.9)

25.91 (3.7)
24.18 (3.31)
24.9 (3.1)

24.0 (2.6)

NR

0 (0)
0 (0)
NR

73

NR
NR
NR
NR
NR

0 (0)

217 (4.71)
115 (2.66)
4(11.2)

2 (5.6)

NR

35 (44.3)
78 (39.8)
NR

0 (0)

NR
NR
7 (38.9)
28 (35)
34 (34.6)
3(3)

NR
NR
13 (36.1)

8 (22.4)



31

32

33

34

35

36

37

38

Stewart
2004[210]
Sung
2012[114]
Thanassoulis
2012[115]
Tsiachris
2010[80]

Tsioufis
2008[93]

Tzemos
2009[68]

Ugur-Altun
2004[285]
Yang
2014[127]

Apparently healthy with mixed BP status

Not hypertensive apparently healthy

Mixed health and BP status

Apparently healthy hypertensive with an HRE

Apparently healthy hypertensive without an
HRE
Apparently healthy hypertensive with an HRE

Apparently healthy hypertensive without an
HRE
Apparently healthy hypertensive with an HRE

Apparently healthy hypertensive without an
HRE

Individuals with Type 2 diabetes and mixed BP
status

Not hypertensive apparently healthy with an
HRE

Not hypertensive apparently healthy without an
HRE

82

2146

2116

36

63

48

123

11

11

90

19

152

38 (46)
1459 (68)
991 (47)
18 (50)
43 (68)
48 (100)
123 (100)
11 (100)
11 (100)
48
15 (79)

82 (54)

NR
52 (6)
59 (9)
55 (9)
48 (9.4)
56 (9)
50 (9)
49 (10)
51 (9)
49 (6)
48 (11)

48 (8)

NR
23.5 (2.5)
27.5 (4.6)
275 (3.7)
27.7 (3.1)
30.4 (4.9)
28.2 (3.9)
28 (1)
29 (1)
>25
24.6 (2)

23 (2.6)

NR

155 (7.2)

146 (7)
0(0)
0(0)
0(0)
0(0)
0(0)
0(0)

90 (100)
0(0)

0(0)

NR

1191
(55.5)

263 (12)
9 (25)
25 (40.3)
16 (33)
38 (31)
0(0)
0(0)
24 (27)
6 (32)

31 (21)

1T¢



Appendix Table 4.1 cont.

First author

Participants on

Clinical indications for

Positive stress-
induced myocardial

Measurement timing of
each CVD risk factor

# & year antlhype(tenswe performing exercise tests ischemia exercise CVD risk factors reported. in relation to the
mediation, n i
tests, n (%) exercise test
1 Andersen 0 Research NR Glucose, Insulin After - Glucose,
2003 Insulin
2 Bitigen 2007 0 Suspicion of coronary artery 0 TC, LDLC, HDLC, TG, NR - all CVD risk
disease Glucose, Creatinine factors reported
3 Bjornholt 0 Participate in a NR TC, TG Before - TC, TG
2003 cardiovascular screening
survey
4 Bratberg 19 Research NR TC, LDLC, HDLC, TG, Before - all CVD risk
2014 Glucose, Insulin, Creatinine  factors reported
5 Caselli 2016 0 Medical evaluation before 0 TC, HDLC, HDLC, TG, Before - all CVD risk
participation in the Olympic Glucose, creatinine factors reported
Games or other major
international events.
6 Chang 2003 0 Admitted to university 0 TC, LDLC, TG, Glucose, Before - all CVD risk
hospital for health screening flow-mediated vasodilation  factors reported
7 Chang 2004 0 Admitted to university 0 TC, HDLC, TG, Glucose, Before - all CVD risk
hospital for health screening flow-mediated vasodilation  factors reported
8 Climie 2015 25 Research 0 Albumin-creatinine ratio Before - Albumin-
creatinine ratio
9 Coner 2019 0 Research 0 TC, LDLC, HDLC, TG, Before - all CVD risk
Glucose, Creatinine, factors reported
Albumin-creatinine ratio
10 Cote 2019 0 Workplace health 0 TC,HDLC, LDLC, TG, NR —all CVD risk

¢Te

evaluation.

HbAlc

factors reported



11
12

13

14

15

16

17

18

19

20

21

€TC

Currie 2017
Duyuler
2017

Fazio 2005
Gaudreault
2013

Huot 2011

Jae 2006a

Jae 2006b

Jae 2018

Kilicaslan
2015
Miyai 2005

Mundal
1998

o o

Research

Admitted to research
hospital exercise stress test
laboratory

Evaluation of chest pain or
palpitation

Research

Research

Research

Research

Research

Suspicion of coronary artery
disease
Research

Health survey for detecting
prevalence of latent CVD

o

Aortic PWV,

TC, LDLC, HDLC, TG,
Glucose, Creatinine, Insulin,
White blood cell count, C-
reactive protein, HOMA,
HbAlc

TC,HDLC, TG

TC, HDLC, LDLC, TG,
Glucose, Insulin, HOMA
TC, HDLC, LDLC, TG,
Glucose, Insulin

TC, HDLC, LDLC,
Glucose, White blood cell
count, HbAlc

TC, HDLC, LDLC,
Glucose, White blood cell
coun, HbA1lc, C-reactive
protein

TC, HDLC, LDLC,
Glucose, White blood cell
count, Insulin, HOMA,
HbAlc, C-reactive protein
TC, HDLC, LDLC, TG,
Glucose, C-reactive protein
TC, TG, Glucose

TC, TG

After - Aortic PWV
NR - all CVD risk
factors reported

Before - all CVD risk
factors reported

NR - all CVD risk
factors reported
Before - all CVD risk
factors reported
Before - all CVD risk
factors reported

NR - all CVD risk
factors reported

NR - all CVD risk
factors reported

NR - all CVD risk
factors reported
Before - all CVD risk
factors reported
Before - TC, TG



22

23

24

25

26

27

28

29

30

31

32

v1¢

Nikolic
2015
Park 2006

Prud-homme
1994

Scott 2008
Sebban 1981
Sharabi

2001
Sharman
2011

Sharman
2018

Shim 2008

Stewart
2004

Sung 2012

18

NR

25

1109

Suspicion of coronary artery
disease
Research

Research
Research
Research

Periodical medical
examination
Research

Free medical examination
every 5 years to working
and retired employees
Evaluation of coronary
artery disease or exercise-
induced diastolic
dysfunction as the cause of
exertional dyspnea
Research

Research

NR

NR

NR

NR

NR

Aortic PWV, TC, HDLC,
LDLC, TG, Glucose,

TC, HDLC, LDLC, TG,
Glucose, Insulin, HOMA
TC, HDLC, LDLC, TG,
Insulin

TG, HbAlc, HOMA

Aortic PWV
TC, Glucose

Aortic PWV, TC, LDL,
Glucose, HbAlc,

TC,HDLC

Other — aldosterone,
angiotensin, plasma renin
activity, epinephrine,
norepinephrine

TC, HDLC, LDLC, TG,
Glucose, Flow-mediated
vasodilation, aortic PWV
Brachial PWV, LDLC,
HDLC, TG, Glucose, C-
reactive protein, HbAlc

After - all CVD risk
factors reported

NR - all CVD risk
factors reported

NR - all CVD risk
factors reported

NR - all CVD risk
factors reported
Before - all CVD risk
factors reported
Before - all CVD risk
factors reported
Before - pulse wave
velocity

After - blood samples
NR - blood samples

Before - all CVD risk
factors reported

NR —all CVD risk
factors reported

NR —all CVD risk
factors reported



33

34

35

36

37

38

Thanassoulis
2012
Tsiachris
2010

Tsioufis
2008

Tzemos
2009
Ugur-Altun
2004

Yang 2014

514

NR

Research

Referred to outpatient
hypertension unit to rule out
secondary hypertension
Referred to outpatient
hypertension unit to rule out
secondary hypertension

Research
Research

Research

NR
4 (4.4)

NR

Flow-mediated vasodilation

Aortic PWV, TC, HDLC,
LDLC, TG, Glucose,
HbA1c, Creatinine
Aortic PWV, TC, HDLC,
LDLC, TG, Glucose,
HbA1c, Creatinine,
Albumin-creatinine ratio
TC,HDLC, LDLC, TG,
Glucose, Creatinine
HOMA-index

TC, LDLC, Glucose

NR —all CVD risk
factors reported
NR —all CVD risk
factors reported

NR-all CVD risk
factors reported

NR —all CVD risk
factors reported
NR —all CVD risk
factors reported
NR —all CVD risk
factors reported

Appendix Table 4.1 cont.

. . Exercise BP
# First author & year CVD risk factor analysis method  Exercise modality Exercise protocol IIBnFt)ensny EXETCISE  Measurement
measured method

1 Andersen 2003 Glucose — glucose oxidase Bicycle Graded Submaximal Automated

method.

Insulin — enzyme immunoassay.
2 Bitigen 2007 All — autoanalyzer Treadmill Modified Bruce Peak Automated
3 Bjornholt 2003 All - NR Bicycle Graded Peak Manual
4 Bratberg 2014 All —NR Treadmill Graded Peak Automated
5 Caselli 2016 All —NR Bicycle Graded Peak NR
6 Chang 2003 TC, LDLC, TG, Glucose — NR Treadmill Bruce Peak NR

GT¢
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12
13
14
15

16

17

9T¢

Chang 2004

Climie 2015

Coner 2019
Cote 2019

Currie 2017
Duyuler 2017
Fazio 2005
Gaudreault 2013
Huot 2011

Jae 2006a

Jae 2006b

Flow-mediated vasodilation — B
mode ultrasound

TC, LDLC, TG, Glucose — NR
Flow-mediated vasodilation — B
mode ultrasound

Isotope dilution mass
spectrometry-aligned technique
All - NR

TC, HDLC, LDLC, TG — piccolo
Xpress chemistry analyzer
HbA1c - turbidimetric inhibition
immunoassay

Aortic PWV - tonometry

All - NR

All - NR

All - NR

Glucose and Insulin —
radioimmunoassay with
polyethylene glycol separation.
TC, HDLC, LDLC, TG - NR
TC, HDLC, TG, Glucose —
Hitachi 747 analyser.

White blood cell count —
guantitative automated
hemotology analyzer.

HbAlc - NR

TC, HDLC, TG, Glucose —
Hitachi 747 analyser.

Treadmill

Bicycle

Treadmill
Treadmill

Treadmill
Treadmill
Bicycle
Treadmill
Bicycle

Treadmill

Treadmill

Bruce

Steady-state

Modified Bruce
Steady-state

Graded
Modified Bruce
Graded

Bruce

Graded

Bruce

Bruce

Peak

Submaximal

Peak
Submaximal

Peak
Peak
Submaximal
Peak
Submaximal

Peak

Peak

NR

Manual

Manual
Automated

Automated
Manual
Manual
Automated
NR

Automated

NR



18

19
20
21
22

23

LT¢

Jae 2018

Kilicaslan 2015
Miyai 2005
Mundal 1998
Nikolic 2015

Park 2006

White blood cell count —
quantitative automated
hemotology analyzer

C-reactive protein - CRP (I1)
Latax X2 turbidimetric Method.
HbAlc - NR

TC, HDLC, LDLC — enzymatic Treadmill
colorimetric and liquid selective
detergent methods.

Glucose — Hexokinase, UV
method

Insulin — immunoradiometric
assay White blood cell count —
quantitative automated
hemotology analyzer

C-reactive protein - CRP (II)
Latax X2 turbidimetric Method.

HbAlc - NR

All - NR Treadmill
All —NR Bicycle
All - NR Bicycle
Aortic PWV - tonometry Bicycle
TC, HDLC, LDLC, TG, Glucose -

NR

TC, HDLC, LDLC, TG, Glucose - Treadmill
NR

Insulin — immunoradiometric

assay

Modified Bruce
& Bruce

Bruce
Graded
Graded
Steady-state

Bruce

Peak

Peak

Submaximal
Submaximal
Submaximal

Peak

Automated

Automated
Manual
Manual
Manual

Manual



24

25
26
27
28

29
30

31

32

33

34

8T¢

Prud-homme 1994

Scott 2008
Sebban 1981
Sharabi 2001
Sharman 2011

Sharman 2018
Shim 2008

Stewart 2004

Sung 2012

Thanassoulis 2012

Tsiachris 2010

TC, HDLC, LDLC, TG -
Technicon Instrument
Autoanalyser |1

Insulin -immunoradiometric assay
TG, HbAlc, HOMA - NR
Aortic PWV - tonometry

TC, Glucose - NR

Aortic PWV - tonometry

TC, LDL, Glucose, HbAlc - NR
TC,HDLC - NR

aldosterone, angiotensin, plasma
renin activity —
radioimmunography

epinephrine, norepinephrine —
high-performance liquid
chromatography

TC, HDLC, LDLC, TG, Glucose -
NR

Flow-mediated vasodilation -
ultrasound

aortic PWV - tonometry

Brachial PWV — Colin VP-1000
LDLC, HDLC, TG, Glucose, C-
reactive protein, HbAlc - NR
Flow-mediated vasodilation -
ultrasound

Aortic PWV — tonometry

TC, HDLC, LDLC, TG, Glucose,
HbAlc, Creatinine - NR

Treadmill

Treadmill
Bicycle

Treadmill
Treadmill

Step
Bicycle

Treadmill

Treadmill

Treadmill

Treadmill

Graded

Graded
Graded
Bruce
Bruce

Self-paced
Graded

Modified Balke

Modified Bruce

Bruce

Bruce

Submaximal

Peak
Submaximal
Peak
Peak

Submaximal
Peak

Peak

Submaximal and
peak

Submaximal

Peak

Manual

Manual
Manual
NR

Manual

Manual
Automated

Manual

Automated

Manual

Manual



35

36

37
38

Tsioufis 2008

Tzemos 2009

Ugur-Altun 2004
Yang 2014

Aortic PWV — tonometry
TC,HDLC, LDLC, TG, Glucose,
HbAlc - NR

Creatinine, Albumin-creatinine
ratio — quantitative assay

TC, HDLC, LDLC, TG, Glucose,
Creatinine - NR

HOMA-index — NR

TC, LDLC, Glucose - NR

Treadmill

Step

Treadmill
Treadmill

Bruce

Dundee

Bruce
Bruce

Peak

Submaximal

Peak
Peak

Manual

Automated

Manual
Automated

6T1¢



Appendix Table 4.1 cont.

Quality of study

# First author & year HRE threshold (mmHg) Analysis type (Newcastle In meta-
analysis
Ottawa scale)

1 Andersen 2003 NR Continuous only 4 No
2 Bitigen 2007 Male >210/105; Female >190/105 Categorical only 55 Yes
3 Bjornholt 2003 NA Categorical only 4.5 No
4 Bratberg 2014 Systolic BP>200 Categorical only 55 Yes
5 Caselli 2016 Male: Systolic BP>220; Female: Systolic BP >200 Categorical only 3 Yes
6 Chang 2003 Male: Systolic BP>210; Female: Systolic BP >190 Categorical only 6.5 Yes
7 Chang 2004 Male: Systolic BP>210; Female: Systolic BP >190 Categorical only 6.5 Yes
8 Climie 2015 NA Continuous only 5 Yes
9 Coner 2019 Male: Systolic BP>210; Female: Systolic BP >190 Categorical only 35 Yes
10 Cote 2019 Systolic BP > 80" percentile or diastolic BP > 90 Categorical & continuous 4 Yes
11 Currie 2017 Male: Systolic BP>210; Female: Systolic BP >190 Categorical only 5 Yes
12 Duyuler 2017 Male: Systolic BP>210; Female: Systolic BP >190 Categorical only 7 Yes
13 Fazio 2005 Systolic BP>192 Categorical only 7.5 Yes
14 Gaudreault 2013 Systolic BP >210 Categorical only 4 Yes
15 Huot 2011 NA Categorical only 2.5 No
16  Jae 2006a Male: Systolic BP>210; Female: Systolic BP >190 Categorical only 4 Yes
17 Jae 2006b Systolic BP>210 Categorical only 4.5 Yes
18 Jae 2018 Systolic BP>210 Categorical only 4.5 Yes
19 Kilicaslan 2015 Male: Systolic BP>210; Female: Systolic BP >190 Categorical only 6.5 Yes
20  Miyai 2005 Either systolic BP or diastolic BP 295" percentile values ~ Categorical only 6 Yes
21  Mundal 1998 Systolic BP>200 Categorical only 3 Yes
22 Nikolic 2015 Male: Systolic BP>170; Female: Systolic BP >160 Categorical only 6 Yes
23  Park 2006 Male: Systolic BP>210; Female: Systolic BP >190 Categorical only 4 Yes
24 Prud-homme 1994 NA Continuous only 1.5 Yes
25 Scott 2008 Male >210/105; Female >190/105 Continuous only 6 Yes

0¢¢



26  Sebban 1981 NA Continuous only 1 Yes
27  Sharabi 2001 >200/100 Categorical only 3 Yes
28  Sharman 2011 Male >210/105; Female >190/105 Categorical only 6.5 Yes
29  Sharman 2018 Systolic BP>150 Categorical only 5 Yes
30 Shim 2008 difference of peak angl baseline sys'golic BP >_60 mmHg in Categorical only 45 No
men and >50 mmHg in women during exercise

31  Stewart 2004 NA Continuous only 2 No

32 Sung 2012 NA Continuous only 2 No

33  Thanassoulis 2012 NA Continuous only 3 Yes
34  Tsiachris 2010 Male: Systolic BP>210; Female: Systolic BP >190 Categorical only 55 Yes
35  Tsioufis 2008 Systolic BP>210 Categorical only 3.5 Yes
36  Tzemos 2009 Systolic BP>200 Categorical only 4 Yes
37  Ugur-Altun 2004 NA Continuous only 3 Yes
38 Yang 2014 Male: Systolic BP>210; Female: Systolic BP >190 Categorical only 5.5 Yes

Data reported as mean (standard deviation) or median (range). BP, blood pressure; CVD, cardiovascular disease; HDLC, high-density lipoprotein
cholesterol; HOMA, Homeostatic model assessment of insulin resistance; HRE, hypertensive response to exercise; LDLC, low-density lipoprotein
cholesterol; n, number; NA, not applicable; NR, not reported; PWV, Pulse wave velocity; TC, Total cholesterol; TG, Triglycerides. Study populations
were classified as hypertensive based on a resting BP >140/90 mmHg or prescribed antihypertensive medication. Study populations were classified
apparently health include those with no history of chronic disease. Study populations classified a mixed status when analyses comprised of individuals
with and without high BP at rest or various health statuses, e.g. analyses including people with and without a chronic disease. Exercise BP not
measured at peak or maximal intensity was defined as submaximal. Categorical analysis type was when studies reported a difference in CVD risk
factor between those with and without an HRE. Continuous analysis type was when studies reported an association between exercise BP and a CVD

risk factor.
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Appendix Table 4.2. Correlation between cardiovascular risk factor and exercise blood pressure (BP) across different study populations (based on
resting BP status and health status) and various exercise test modalities (i.e. exercise intensity when BP was measured and exercise modality).*

Number of Correlation 95% confidence P-value for Heterogeneity

Subgroups studies coefficient (r) interval correlation explained, R? (%)

Aortic pulse wave velocity

Resting BP status Not hypertensive 1 0.25 0.07 043 0.15 100
Hypertensive 2 0.32 0.21 0.42
Mixed 2 0.48 0.26 0.69

Exercise intensity Submaximal 2 0.48 0.26 0.69 0.07 100
Peak 3 0.30 0.21 0.39

Exercise modality Treadmill 3 0.30 0.21 0.39 0.07 100
Bicycle 2 0.48 0.26 0.69

Triglycerides

Resting BP status Not hypertensive 1 0.02 -0.38 0.42 0.38 48
Mixed 3 0.21 0.13 0.30

Health status Apparently Healthy 3 0.21 0.11 0.31 0.94 4
Mixed 1 0.21 0.05 0.37

Exercise intensity Submaximal 3 0.21 0.11 0.31 0.94 4
Peak 1 0.21 0.05 0.37

Exercise modality Treadmill 2 0.19 0.04 0.33 0.74 1
Bicycle 2 0.23 0.11 0.34

*Meta-regressions were not performed to assess the pooled correlation between exercise BP, total cholesterol and albumin-creatinine ratio across
different study populations and exercise testing methodologies because there were less than three studies available for analysis.
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Appendix Table 4.3. Mean difference in cardiovascular risk factor between those with and without a hypertensive response to exercise across
different study populations (based on resting blood pressure [BP] and health status) and various exercise test modalities (i.e. exercise intensity when
BP was measured and exercise modality).

Mean difference or

Number standard mean 95% confidence P-value for Heterogeneity

Subgroup of studies difference interval difference explained, R? (%)

Aortic pulse wave velocity (m/s)

Resting BP status Not hypertensive 1 0.00 -0.80 0.80 0.300 0
Hypertensive 1 1.00 0.50 1.50
Mixed 1 1.30 0.56 2.04

Health status Apparently healthy 2 1.09 0.68 1.51 0.018 100
Athlete 1 0.00 -0.80 0.80

Exercise intensity Submaximal 1 1.30 0.56 2.04 0.395 0
Peak 2 0.55 -0.42 1.53

Exercise modality Treadmill 2 0.55 -0.42 1.53 0.395 0
Bicycle 1 1.30 0.56 2.04

Total cholesterol (mmol/L)

Resting BP status Not hypertensive 14 0.11 0.03 0.19 0.796 0
Hypertensive 4 -0.05 -0.28 0.19
Mixed 6 0.27 0.12 0.42

Health status Apparently Healthy 19 0.15 0.06 0.24 0.910 0
Athlete 1 -0.10 -0.24 0.03
Chronic disease 1 0.20 -0.06 0.46
Mixed 3 0.17 0.01 0.32

Exercise intensity Submaximal 7 0.16 0.04 0.28 0.578 0
Peak 17 0.12 0.03 0.21

Exercise modality Bicycle 5 0.12 -0.10 0.35 0.496 1
Treadmill 17 0.18 0.12 0.25

Low-density lipoprotein cholesterol (mmol/L)
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Resting BP status Not hypertensive 10 0.12 0.03 0.22 0.758 0
Hypertensive 4 0.15 -0.02 0.31
Mixed 3 0.13 0.07 0.18

Health status Apparently healthy 13 0.13 0.06 0.20 0.967 0
Athlete 1 -0.03 -0.14 0.09
Chronic disease 1 0.30 0.10 0.50
Mixed 2 0.13 0.07 0.18

Exercise intensity Submaximal 3 0.13 0.08 0.19 0.872 0
Peak 14 0.12 0.04 0.20

Exercise modality Treadmill 14 0.14 0.08 0.20 0.036 61
Bicycle 2 -0.02 -0.13 0.09
Step 1 0.10 -0.61 0.81

High-density lipoprotein cholesterol (mmol/L)

Resting BP status Not hypertensive 12 -0.05 -0.10 -0.01 0.229 0
Hypertensive 3 0.00 -0.10 0.10
Mixed 4 -0.03 -0.04 -0.01

Health status Apparently healthy 14 -0.05 -0.09 -0.01 0.239 0
Athlete 1 -0.10 -0.18 -0.02
Chronic disease 1 0.03 -0.01 0.07
Mixed 3 -0.03 -0.04 -0.04

Exercise intensity Submaximal 5 -0.03 -0.04 -0.04 0.588 0
Peak 14 -0.05 -0.09 -0.09

Exercise modality Bicycle 3 -0.08 -0.14 -0.14 0.503 0
Treadmill 14 -0.04 -0.07 -0.07
Step 2 -0.01 -0.10 -0.10

Total Triglycerides (mmol/L)

Resting BP status Not hypertensive 10 0.19 0.06 0.32 0.29 48
Hypertensive 4 0.09 -0.22 0.40
Mixed 4 0.34 0.28 0.41
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Health status Apparently healthy 14 0.25 0.14 0.35 0.895 0
Athlete 1 0.21 0.00 0.42
Chronic disease 1 -0.10 -0.46 0.26
Mixed 2 0.33 0.21 0.46

Exercise intensity Submaximal 6 0.25 0.13 0.38 0.709 0
Peak 12 0.22 0.10 0.34

Exercise modality Bicycle 5 0.22 0.09 0.34 0.508 6
Treadmill 12 0.28 0.17 0.40
Step 1 0.20 -0.60 1.00

Glucose (mmol/L)

Resting BP status Not hypertensive 11 0.20 0.10 0.30 0.145 0
Hypertensive 4 0.02 -0.27 0.32
Mixed 3 0.02 -0.43 0.47

Health status Apparently healthy 15 0.14 0.02 0.25 0.346 0
Athlete 1 0.06 -0.02 0.13
Chronic disease 1 0.30 0.08 0.52
Mixed 1 0.40 -0.06 0.86

Exercise intensity Submaximal 3 -0.06 -0.50 0.37 0.244 0
Peak 15 0.18 0.08 0.27

Exercise modality Treadmill 14 0.17 0.06 0.29 0.499 0
Bicycle 3 0.10 -0.15 0.36
Step 1 -0.40 -0.96 0.16

Insulin (standardised mean difference)

Resting BP status Not hypertensive 2 0.33 0.18 0.49 0.337 0
Hypertensive 1 0.62 0.36 0.89
Mixed 1 0.00 -0.48 0.48

Health status Apparently healthy 2 0.47 0.23 0.72 0.044 80
Chronic disease 1 0.15 -0.25 0.54
Mixed 1 0.00 -0.48 0.48
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HbALc (%)

Resting BP status Not hypertensive 2 0.08 -0.21 0.37 0.798 0
Hypertensive 1 0.00 -0.16 0.16
Mixed 1 0.26 0.21 0.31

Health status Apparently healthy 3 0.06 -0.12 0.24 0.229 0
Mixed 1 0.26 0.21 0.31

Exercise intensity Submaximal 1 0.26 0.21 0.31 0.229 0
Peak 3 0.06 -0.12 0.24

Homeostatic model assessment for insulin resistance (1U)

Resting BP status Not hypertensive 2 0.38 0.17 0.58 0.029 100
Hypertensive 1 0.84 0.48 1.20

Health status Apparently healthy 2 0.58 0.12 1.04 0.884 0
Chronic disease 1 0.50 -0.31 131

Creatinine (mmol/L)

Resting BP status Not hypertensive 3 0.38 -4.03 4.79 0.722 0
Hypertensive 3 1.92 -6.28 10.11

Health status Apparently healthy 5 1.11 -4.17 6.38 0.913 0
Athletic 1 1.77 -0.80 4.34

Exercise intensity Submaximal 2 5.30 -2.35 12.95 0.115 29
Peak 4 -0.59 -4.42 3.24

Exercise modality Treadmill 4 1.17 -5.24 757 0.927 0
Bicycle 1 1.77 -0.80 4.34
Step 1 1.00 -6.12 8.12
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Appendix Table 4.4 Meta-regression analyses assessing the association between exercise blood pressure (as a continuous and dichotomous

variable) and individual cardiovascular risk factors with Newcastle Ottawa score.

Marker of cardiovascular risk Be_ta_— 95% confidence interval P-value Heter_ogeneltzy
coefficient explained (R?)
Pooled mean difference
Aortic pulse wave velocity 0.05 -0.98 1.07 0.927 0
Total cholesterol -0.03 -0.08 0.02 0.270 3
Low-density lipoprotein cholesterol 0.02 -0.05 0.09 0.558 0
High-density lipoprotein cholesterol 0.00 -0.02 0.02 0.932 0
Triglycerides -0.04 -0.09 0.02 0.186 49
Glucose 0.04 -0.04 0.12 0.344 0
Insulin -0.28 -0.69 0.13 0.177 36
HbAlc -0.17 -0.31 -0.03 0.020 73
Homeostatic model assessment for insulin resistance -0.83 -1.61 -0.04 0.039 100
White blood cell count 0.23 -0.08 0.55 0.137 58
Creatinine -1.91 -4.29 0.47 0.115 17
Pooled correlation
Aortic pulse wave velocity -0.04 -0.09 0.00 0.06 100
Triglycerides -0.26 -0.68 0.16 0.20 100
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Records identified through
database searching
(Medline via Owvid,

Embase via Ovid & Scopus
till 18th Aug 2020)

Other records identified via
reference lists

(=>51)

(n=29.851)
- Duplicates
l g (n=16.232)
v
Articles reviewed by title and
abstract
(n=13.670)
I N Excluded by title or abstract
v (n=13.539)
Articles eligible for review by full
text
(n=131)
Full-text articles excluded. with reasons
q (n=93)
F Brief communication (n=1)
Artides initially Conference abstract (n = 8)
% Review article (n =5)
available for review
(0 =38) Letﬁterﬁn =4
Editorial (n =1)
No outcome data (n = 56)
Exercise BP
Articles included in enot reponed (n: 2)
systematic review *Reported as a dependent variable,
(n=38) not independent (n =2)
Unable to °Prf-test exercise BP reported only
: . @=2)
combine analyses |¢ *Reported as delta (n = 3)
@=6) v Population <18 years (n = 5)
A R 1S\Ii:rémgth ex.ercise test not d)_'namic n=3)
: otin English language (n =1)
me(t:—fn;;})'sm Prospective analysis (n =2)

Appendix Figure 4.1. Prisma flow chart.
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Mean difference

First author & Year HRE- HRE+ [95% CI]
Currie 2017 11 22 ¢ i 0.00 [-0.80, 0.80]
Nikolic 2014 44 20 » 1.30[0.56, 2.04]

Tsioufis 2008 123 48 | = | 1.00 [ 0.50, 1.50]

Pooled mean difference for all studies ——— 0.80[0.12, 1.48]
(Q=7.00,df =3, p=0.07, I2=57.1%} '

Higher in HRE- Higher in HRE+

| i I |
-1 0 1 2

Mean Difference (m/s)

Appendix Figure 4.2. Pooled mean difference in aortic pulse wave velocity between individuals where a hypertensive response to exercise was present
(HRE+) or absent (HRE-).
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Mean difference

First author & YearHRE- HRE+ [95% CI]
Chang 2003 35 35 —— -3.36 [-3.68, -3.04]
Chang 2004 25 25 ¢ { -5.48 [-7.69, -3.27]
Pooled mean difference for all studies — e — -4.13[-6.12, -2.13]

(Q=7.00, df = 3, p = 0.07; 1> = 57.1%)

Higher in HRE- Higher in HRE+

| | T T i
-8 6 4 2 0

Mean Difference (%)

Appendix Figure 4.3. Pooled Mean difference in flow-mediated dilation between individuals where a hypertensive response to exercise was present
(HRE+) or absent (HRE-).
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Correlation

First author and Year Participants coefficient
[95% CI]

Mundal 1998 778 —— 0.16 [0.09, 0.23]
Prud-homme 1994 25 0.46 [0.14, 0.78]
Pooled correlation for all studies i 0.19[0.09, 0.29]
(Q=3.32,df =1, p=0.07: I = 10.2%) .

| | | | |

0 0.2 04 0.6 0.8

Correlation Coefficient (Pearson's R)

Appendix Figure 4.4. Pooled correlation between exercise blood pressure and total cholesterol.
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Correlation

coefficient
First author and Year Participants [95% ClI]
Mundal 1998 778 —a— 0.17[0.10, 0.24]
Nikolic 2014 64 0.41[0.21, 0.62]
Prud-homme 1994 25 0.02 [-0.38, 0.42]
Scott 2008 146 S — 0.21[0.05, 0.37]
Pooled correlation for all studies i 0.20[0.13, 0.28]
(Q=5.54,df =3, p=0.14; = 17.3%)

| i | I |
-0.4 0 0.2 0.4 0.8

Correlation Coefficient (Pearson's R)

Appendix Figure 4.5. Pooled correlation between exercise blood pressure and triglycerides.
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Mean difference

First author & Year HRE- HRE+ [95% CI]
Bitigen 2007 20 32 »—.—-—| 0.18 [-0.26, 0.63]
Bratberg 2014 52 25 l_i'v_| -0.07 [-0.44, 0.30]
Caselli 2016 1734 142 |—.—-—| 0.14 [-0.18, 0.47]
Coner 2019 139 31 HH 0.17 [ 0.09, 0.25]
Cote 2019 892 3021 |—-—o 0.16 [-0.17, 0.48]
Duyuler 2017 44 40 |—-—| 0.02 [-0.10, 0.14]
Gaudreault 2013 47 51 |—9-—| 0.02 [-0.40, 0.45]
Jae 2006a 8698 375 —— 0.25[0.02, 0.48]
Jae 2006b 42 43 |—--—| -0.09 [-0.39, 0.21]
Jae 2017 4488 152 p—-—u 0.23 [-0.04, 0.50]
Kilicaslan 2015 33 33 P 0.49[0.16, 0.82]
Nikolic 2014 44 20 |-|—| -0.03 [-0.14, 0.09]
Park 2006 196 79 |—¢—| 0.00 [-0.40, 0.40]
Tsiachris 2010 63 36 —a— 0.30[0.10, 0.50]
Tsioufis 2008 123 48 b i 0.21[-0.36, 0.78]
Tzemos 2009 11 11 b i 0.10 [-0.61, 0.81]
Yang 2014 152 19 ) 0.13[0.07, 0.19]
Pooled mean difference for all studies <> 0.12[0.06, 0.18]
(Q =24.40, df = 16, p = 0.08; I* = 34.4%) Higher in HRE- Higher in HRE+

| I i I ]
4 05 0 05 1

Mean Difference (mmol/L)

Appendix Figure 4.6. Mean difference in low-density lipoprotein cholesterol between individuals where a hypertensive response to exercise was
present (HRE+) or absent (HRE-).
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Appendix Figure 4.7. Mean difference in triglycerides between individuals where a hypertensive response to exercise was present (HRE+) or absent

(HRE-).
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Mean difference

First author & Year HRE- HRE+ [95% CI]
Bitigen 2007 20 32 e 0.18 [-0.39, 0.75]
Caselli 2016 1734 142 o 0.21 [-0.00, 0.42]
Chang 2003 a5 35 —— 0.97 [ 0.04, 1.90]
Chang 2004 25 25 i 0.78 [-0.18, 1.73]
Fazio 2005 31 9 e 0.13[-0.12, 0.38]
Jae 2006a 8698 375 - 0.37[0.14, 0.61]
Jae 2006b 42 43 A S 0.65 [-0.20, 1.49]
Kilicaslan 2015 33 33 | : : 0.41 [-0.84, 1.65]
Park 2006 196 79 e -0.08 [-0.88, 0.71]
Tsiachris 2010 63 36 —ta—i 0.14 [-0.46, 0.74]
Tsioufis 2008 123 48 e 0.08 [-0.39, 0.54]
Bratberg 2014 52 25 —i—i 0.10 [-0.36, 0.56]
Cote 2019 892 3021 im 0.35[0.27, 0.43]
Gaudreault 2013 47 51 i -0.10 [-0.46, 0.26]
Miyai 2005 27 27 - 0.08 [-0.03, 0.19]
Mundal 1998 489 289 o 0.34[0.22, 0.46]
Nikolic 2014 44 20 -— 0.34[0.08, 0.60]
Tzemos 2009 11 1 Cohe 0.20 [-0.60, 1.00]
Pooled mean difference for all studies * 0.24[0.15, 0.33]
(Q =28.58, df = 17, p = 0.04; I = 40.5%) Higher in HRE- Higher in HRE+
N R B R B
-1 005 115 2

Mean Difference (mmol/L)



Mean difference

First author & Year HRE- HRE+ [95% CI]
Bitigen 2007 20 32 —e— -0.03[-0.18, 0.13]
Bratberg 2014 52 25 i -0.10[-0.18, -0.02]
Caselli 2016 1734 142 — -0.15[-0.31, 0.02]
Chang 2003 35 35 — -0.10[-0.30, 0.10]
Chang 2004 25 25 —— -0.13[-0.22, -0.04]
Coner 2019 139 31 b -0.07 [-0.18, 0.03]
Cote 2019 892 3021 —a— -0.02[-0.15, 0.10]
Duyuler 2017 44 40 - -0.00 [-0.03, 0.03]
Fazio 2005 31 9 —— -0.21[-0.32, -0.09]
Gaudreault 2013 47 51 . -0.05 [-0.09, 0.00]
Jae 2006a 8608 375 e 0.05[-0.11, 0.22]
Jae 2006b 42 43 o 0.04 [-0.03, 0.11]
Jae 2017 4488 152 = -0.03[-0.04, -0.01]
Kilicaslan 2015 33 33 —a—i -0.08 [-0.16, 0.01]
Nikolic 2014 44 20 —_—— 0.20[-0.12, 0.52]
Park 2006 196 79 ™ -0.03 [-0.08, -0.00]
Sharman 2018 4350 4626 - 0.03[-0.01, 0.07]
Tsioufis 2008 123 48 S -0.08 [-0.24, 0.08]
Tzemos 2009 11 11 ——— 0.10[-0.11, 0.31]
Pooled mean difference for all studies 0 -0.04 [-0.086, -0.01]
(Q=41.03,df =18, p = 0.00; I = 56.1%) Higher in HRE- : Higher in HRE+
{ T ] T |
06  -03 0 0.3 0.6

Mean Difference (mmol/L)

Appendix Figure 4.8. Mean difference in high-density lipoprotein cholesterol between individuals where a hypertensive response to exercise was
present (HRE+) or absent (HRE-).
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Mean difference

First author & Year HRE- HRE+ [95% CI]
Bratberg 2014 52 25 b : 0.00 [-0.48, 0.48]
Gaudreault 2013 47 51 b | 0.15 [-0.25, 0.54]
Jae 2017 4488 152 — 0.37[0.21, 0.53]
Park 2006 196 79 b 1 i 0.62[0.36, 0.89]
Pooled standardised mean difference for all studies e —— 0.34[0.11, 0.57]
(Q=7.00,df=3,p=0.07; I>=57.1%) ;
Higher in HRE- Higher in HRE+
| T i | | | |
-0.5 -0.25 0 0.25 0.5 0.75 1

Standardised Mean Difference (cohen's d)

Appendix Figure 4.9. Standardised mean difference in insulin between individuals where a hypertensive response to exercise was present (HRE+) or
absent (HRE-).
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Mean difference

First author & Year HRE- HRE+ [95% CI]
Duyuler 2017 44 40 : — -0.10 [-0.38, 0.18]
Jae 2006b 42 43 —— 0.20[0.11, 0.29]
Jae 2006a 8698 375 »—-—a 0.00[-0.16, 0.16]
Tsiachris 2010 63 36 - 0.26[0.21, 0.31]
Pooled mean difference for all studies -—-— 0.14 [ 0.01, 0.26]
(Q=15.37,df = 3, p = 0.00; I° = 80.5%) j
Higher in HRE- Higher in HRE+
| T i | |
-0.5 -0.25 0 0.25 0.5

Mean Difference (%)

Appendix Figure 4.10. Mean difference in HbAlc between individuals where a hypertensive response to exercise was present (HRE+) or absent
(HRE-).
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Mean difference

First author & Year HRE- HRE+ [95% CI]
Gaudreault 2013 47 51 f | 0.50 [-0.31, 1.31]
Jae 2017 4488 152 L. 0.37[0.16, 0.58]
Park 2006 196 79 — . 0.84[0.48, 1.20]
Pooled mean difference for all studies ——— 0.56 [ 0.21, 0.91]

(Q=4.84,df =2, p =0.09; I’ = 58.7%) .
Higher in HRE- Higher in HRE+

| i I I |
05 0 0.5 1 15

Mean Difference (IU)

Appendix Figure 4.11. Mean difference in Homeostatic Model Assessment of Insulin Resistance between individuals where a hypertensive response to
exercise was present (HRE+) or absent (HRE-).
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Appendix Figure 4.12. Pooled correlation between exercise blood pressure and c-reactive protein.
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Correlation

coefficient
First author and Year Participants [95% Cl]
Jae 2006b 778 ! n 0.11[-0.10, 0.32]
Kilicaslan 2015 64 { 0.03[-0.18, 0.24]
Pooled correlation for all studies —-———-—- 0.07 [-0.08, 0.22]
(Q=0.27,df =1, p=0.60; 1% = 0.0%)

— 1 1 1T T T 1
-0.2 0 01 02 03 04

Correlation Coefficient (Pearson's R)



Mean difference

First author & Year HRE- HRE+ [95% ClI]
Duyuler 2017 44 40 | | 0.90 [0.09, 1.71]
Jae 2006a 8698 375 - 0.20 [0.01, 0.39]
Jae 2006b 42 43 L —— 0.90 [0.32, 1.48]
Jae 2017 4488 152 . 0.46 [0.15, 0.77]
Pooled mean difference for all studies i 0.491[0.17, 0.81]

(Q=8.22,df =3, p=0.04; I° = 63.5%) ,
Higher in HRE- Higher in HRE+
IS I . m—
0 0.5 1 1.5 2

Mean Difference (mmol/L)

Appendix Figure 4.13. Mean difference in white blood cell count between individuals where a hypertensive response to exercise was present (HRE+)
or absent (HRE-).
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_ Mean difference
First author & Year = HRE- HRE+ [95% CI]

Jae 2006b 42 43 0.20[-0.23, 0.62]

A
| |

Kilicaslan 2015 33 33

y

0.53[0.04, 1.02)]

Pooled standardised mean difference for all studies —— 0.34[0.02, 0.66]
(Q=0.98,df =1, p=0.32; I°=0.0%) '

Higher in HRE- Higher in HRE+

| i | | I | |
0.2 0 0.2 0.4 0.6 0.8 1

Standardised Mean Difference (cohen's d)

Appendix Figure 4.14. Standardised mean difference in c-reactive protein between individuals where a hypertensive response to exercise was present
(HRE+) or absent (HRE-).
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Correlation

First author and Year Participants Coggoc/iegtn
Climie 2015 39 0.36 [0.08, 0.64]
Tsioufis 2008 171 —a— 0.45[0.33, 0.57]
Pooled correlation for all studies i 0.19[0.09, 0.29]

(Q=0.33,df =1, p=0.57; 1> = 0.0%)

T T T T T T 1
0 01 0.3 0.5 0.7

Correlation Coefficient (Pearson's R)

Appendix Figure 4.15. Pooled correlation between exercise blood pressure and albumin-creatinine ratio.
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. Mean difference
First author & Year HRE- HRE+

[95% CI)
Coner 2019 139 31 ' i 0.63[0.23, 1.02]
Tsioufis 2008 123 48 ! u 4 1.31[0.95, 1.67]
Pooled standardised mean difference for all studies — R — 0.97 [0.30, 1.64]

(Q=6.21,df =1, p=0.01; I> = 83.9%)

Higher in HRE- Higher in HRE+

i | | T |
0 0.5 1 15 2

Standardised Mean Difference (cohen's d)

Appendix Figure 4.16. Standardised mean difference in albumin-creatinine ratio between individuals where a hypertensive response to exercise was
present (HRE+) or absent (HRE-).
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Mean difference

First author & Year HRE- HRE+ [95% CI]
Bitigen 2007 20 32 b i 4.42[-2.13,10.97]
Caselli 2016 1734 142 |—I—| 1.77 [-0.80, 4.34]
Coner 2019 139 31 — . -3.54 [ -6.59, -0.49]
Tsiachris 2010 63 36 - ! -4.42 [-10.35, 1.51]
Tsioufis 2008 123 48 b - i 8.84[ 3.56,14.12]
Tzemos 2009 11 11 b i 1.00[-6.12, 8.12]
Pooled mean difference for all studies ——_—-— 1.17 [-2.65, 4.99]
(Q=21.29, df= 5, p = 0.00; I* = 76.5%)
Higher in HRE- Higher in HRE+
| I I i | | |
-15 -10 -5 0 5 10 15

Mean Difference (mmol/L)

Appendix Figure 4.17. Mean difference in creatinine between individuals where a hypertensive response to exercise was present (HRE+) or absent
(HRE-).
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Appendix Figure 4.18. Funnel plots representing the publication bias for all meta-analyses conducted using categorical data. A) total cholesterol; B)
high-density lipoprotein cholesterol; C) low-density lipoprotein cholesterol; D) triglycerides; E) glucose; F) Insulin; G) HbAlc; H) HOMA-insulin
resistance; I) white blood cell count and; J) aortic pulse wave velocity. Funnel plots and egger’s tests present an absence of publication bias across all
outcomes. Filled dots represent the studies included in systematic review and meta-analysis.
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Appendix Figure 4.19. Funnel plots representing the publication bias for all meta-analyses conducted using continuous data. A) Aortic pulse wave
velocity and; B) Triglycerides.
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APPENDIX D. SUPPLEMENTARY MATERIAL FOR CHAPTER 5.
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Supplementary material.

Exercise test. Contraindications for completing the submaximal exercise test included resting
systolic BP >180mmHg, resting heart rate >100bpm, current neck or back pain, been
hospitalised in the three months prior to attending the follow-up clinic, knee or hip replacement,
a history or family history of CVD or had been prescribed with medication for BP or CVD risk,
were more than three months pregnant, any past or present injuries that would be aggravated

by cycling, or were weight >160Kg.

Blood biochemistry. HOMA was first calculated as the product between glucose and insulin
then dividing by 22.5 [286], and this calculation was used to define HOMAL1-IR. HOMA was
also calculated by a HOMA calculator (HOMAZ2; version 2.2.3 available from

http://www.dtu.ox.ac.uk/homacalculator) using fasting glucose and fasting insulin [287]. This

HOMA calculator was used to calculate HOMAZ2-insulin resistance (HOMAZ2-IR) and beta cell
function (HOMAZ2-p) [288,289]. Participants were included in the calculations for HOMAZ2-
IR and HOMAZ2-3 when fasting glucose levels was 3.5-25 mmol/L (n=1 excluded) and when
fasting insulin levels was 20-400 pmol/L (n=47 excluded) because these values were clinically

realistic fasting values accepted by the calculator.

Muscular strength. Participants had two attempts to perform each strength measure (i.e. left
and right hand grip, shoulder flexion and extension and leg extension), using isometric
dynamometers (Smedley’s Dynamometer, TTM, Tokyo, Japan). Maximal isometric force that
participants exerted while holding the dynamometer in each hand was used to estimate hand
grip strength. The hand that participants self-reported to be their dominant hand was used for

in analyses of this study. The measures used to estimate shoulder strength (flexion and
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extension) were performed with participants holding the dynamometer at chest-level with both
hand parallel to the ground. Shoulder flexion was tested by participants simultaneously pushing
the bars of the dynamometer medially, with counter-pressure applied by the opposing hand. In
contrast, shoulder extension was tested by participants pulling the bars of the dynamometer
apart. Leg strength was tested by participants standing flat-footed on the platform of the leg-
back dynamometer with a straight back, shoulders and head against a wall. A hand bar was
held with an over-hand grip, knees were flexed until an angle of 115°was measured, at which

point the bar was attached to the dynamometer by a chain.

Statistical analysis. The interaction of sex and age on each univariable association was
assessed using Wald’s test. Age- or sex-interactions in the associations of exercise BP with a
study factor were considered for reporting if they changed the coefficient of the study factor
by more than 10% (an adaption of the change-in-coefficient approach [290]) and could not be
attributed to a small number of ill-fitting values (leverage plots, residual plots and Cook’s d
influence statistic were scrutinised for this purpose). Weight, body mass index, waist and hip
circumference, waist-to-hip ratio, fat and fat-free mass and fat mass percentage were grouped
as “body composition”. Glucose, insulin, HOMA-IR, HbAlc, and diabetes history were
grouped as “metabolic”. Total cholesterol, low- and high-density lipoprotein cholesterol and
triglycerides were grouped as “lipids”. Serum creatinine and c-reactive protein were grouped
as “inflammation”. Urine creatinine and albumin, and albumin-creatinine ratio were grouped
as “kidney function”. PWC170 unadjusted and adjusted for lean body mass were grouped as
“cardiorespiratory fitness”. Clinic BP, resting heart rate and hypertension history were grouped
as “haemodynamic”. Dominant hand grip strength, shoulder flexion and extension strength and

leg strength were grouped as “muscular strength”.
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Supplementary Results.

Albumin-creatinine ratio was not independently associated with exercise systolic BP in the
mutually adjusted multivariable linear regression model (p=0.171), nor was it directly or
indirectly associated with exercise systolic BP in the SEM. Therefore, albumin-creatinine ratio
was excluded from these models. Urine creatinine was not independently associated with
exercise diastolic BP in the mutually adjusted multivariable linear regression model (p=0.685),

nor was it directly or indirectly associated with exercise diastolic BP in the SEM.
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Appendix Table 5.1. Cardiovascular risk factors within groupings most-strongly associated with exercise systolic BP.

Grouping Study factor Effect of a one-unit change (95% CI) R?
Body composition  Body mass index, kg/m? 0.58 (0.29, 0.87) 0.14
Waist-to-hip ratio 65.52 (31.09, 99.95)

Metabolic HOMAL-IR 5.00 (3.18, 6.82) 0.10
Lipid Triglycerides, mmol/L 3.02 (0.57, 5.48) 0.07
LDLC, mmol/L 1.91 (0.20, 3.61)

Kidney function Urine albumin/creatine ratio 1.10(0.29, 1.91) 0.06
Fitness Cardiorespiratory fitness unadjusted for lean body mass, Watts -0.03 (-0.05, -0.01) 0.06
Inflammation High-sensitivity c-reactive protein, mg/L 0.74 (0.19, 1.30) 0.06
Haemodynamic Resting heart rate, bpm 0.23(0.12, 0.36) 0.31
Clinic BP, mmHg 0.66 (0.56, 0.75)

Cl, confidence interval; BP, blood pressure; HOMA1-IR, Homeostatic model assessment of insulin resistance; LDLC, low-density lipoprotein
cholesterol; PWCi7o, physical work capacity at a heart rate of 170 bpm. All coefficients reported after adjustment for sex and age and have a p-
value < 0.05. R? is variance explained in relation to each grouping of study factors.

There was no difference in the R? for exercise systolic BP between HOMA1-IR and HOMA2-IR.

There was no difference in the R? for exercise systolic BP between cardiorespiratory fitness unadjusted or adjusted for lean body mass.

16¢



Appendix Table 5.2. Structural equation model indicating the direct and indirect effects of cardiovascular risk factors on exercise systolic BP.

Study factor Direct effect of a one-unit change (95% CI) Indirect effect of a one-unit change (95% CI)
Age, years 0.60 (0.33,0.86) * -

Female sex 4.19 (0.80, 7.58) * -7.86 (-9.39, -6.33) *
Body mass index, kg/m? - 0.58 (0.43, 0.73) *
Waist-to-hip ratio 52.87 (26.11, 79.63) * 3.53(1.37,5.69) *
HOMAI-IR - 0.32 (0.12,0.51) *
LDLC, mmol/L - 0.15(0.02, 0.27) *
Triglycerides, mmol/L - 1.58 (0.44,2.72) *
Cardiorespiratory fitness unadjusted for lean

body mass, Wats -0.03 (-0.05, -0.01) * -0.01 (-0.014, -0.005) *
High-sensitivity c-reactive protein, mg/L - 0.11 (0.04,0.17) *
Resting heart rate, bpm - 0.14 (0.07, 0.20) *
Clinic BP, mmHg 0.66 (0.57, 0.75) * -

Indirect effect indicates the effect of a study factor on exercise BP was mediated by one (or more) other study factors in the model. — represents
a study factor had no direct or indirect effect on exercise BP. BP, blood pressure; ClI, confidence interval; HOMAL-IR, Homeostatic model
assessment of insulin resistance; LDLC, low-density lipoprotein cholesterol. * denotes statistical significance (p<0.05)
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Appendix Table 5.3. Cardiovascular risk factors within groupings most-strongly associated with exercise diastolic BP.

Grouping Study factor Effect of a one-unit change (95% CI) R?

Body composition ~ Waist circumference, cm 0.34 (0.27,0.41) 0.21

Metabolic HOMAL-IR 4.99 (3.98, 6.00) 0.17

Lipid Triglycerides, mmol/L 3.57 (2.07, 7.08) 0.09
LDLC, mmol/L 1.46 (0.44, 2.49)

Kidney function Urine Creatinine, umol/L 0.20 (0.08, 0.33) 0.05

Fitness Cardiorespiratory fitness unadjusted for lean body -0.02 (-0.03, -0.01) 0.05
mass, Watts

Inflammation High sensitivity c-reactive protein, mg/L 0.95 (0.61, 1.29) 0.08

Haemodynamic Resting heart rate, bpm 0.11 (0.05, 0.18) 0.51
Clinic BP, mmHg 0.65 (0.60, 0.71)

Cl, confidence interval; BP, blood pressure; HOMAL1-IR, Homeostatic model assessment 1 of insulin resistance; LDLC, low-density lipoprotein
cholesterol; PWCi170, physical work capacity at a heart rate of 170 bpm. All coefficients reported after adjustment for sex and age and have a p-
value <0.01. R? is variance explained in relation to each grouping of study factors.

There was no difference in the R? for exercise systolic BP between HOMA1-IR and HOMA2-IR.

There was no difference in the R? for exercise systolic BP between cardiorespiratory unadjusted or adjusted for lean body mass.
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Appendix Table 5.4. Multivariable linear regression and structural equation models indicating cardiovascular risk factors most-strongly
associated with exercise diastolic BP.

Mutually adjusted

- . . Structural equation model
multiple linear regression

Study factor sD Effect of a one-unit Effect of a one-unit Effect of a one SD
change (95% CI) change (95% CI) change (95% CI)
Age, years 2.67 0.17 (-0.05, 0.40) 0.21 (0.05, 0.38) * 0.57 (0.14, 1.00) *
Female sex 0.50 -0.75 (-2.37,0.87) 0.12 (-0.09, 0.33) 0.06 (-0.04, 0.16)
Waist circumference, cm 11.84 0.10(0.01,0.17) * 0.44 (0.38,0.51) * 5.30 (4.54, 6.05) *
HOMA1-IR 0.81 0.65 (-0.34, 1.63) 0.38 (0.20, 0.55) * 0.31(0.16, 0.45) *
Triglycerides, mmol/L 0.56 -0.17 (-1.39, 1.04) 1.03 (0.19, 1.88) * 0.58 (0.11, 1.05) *
LDLC, mmol/L 0.82 0.14 (-0.63, 0.91) 0.19 (0.04, 0.30) * 0.14 (0.03, 0.25) *
cardlorespiratory fitness unadjusted forlean 7425 0,01 (-0.02, 0.003) 0,02 (-0.03,-0.01) *  -1.74 (-2.39, -1.09) *
ody mass, Watts
High sensitivity c-reactive protein, mg/L 2.44 -0.02 (-0.30, 0.26) 0.12 (0.06, 0.18) * 0.09 (0.05, 0.13) *
Resting heart rate, bpm 9.52 0.06 (-0.01, 0.14) 0.16 (0.11, 0.20) * 0.12 (0.08, 0.15) *
Clinic BP, mmHg 10.74 0.60 (0.53, 0.67) * 0.63 (0.56, 0.69) * 6.74 (6.04, 7.44) *

BP, blood pressure; ClI, confidence interval; HOMA1-IR, Homeostatic model assessment 1 of insulin resistance; LDLC, low-density
lipoprotein cholesterol; SD, standard deviation. * denotes statistical significance (p<0.05)
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Appendix Table 5.5. Structural equation model indicating the direct and indirect effects of cardiovascular risk factors on exercise diastolic
BP.

Study factor Direct effect of a one-unit change (95% CI) Indirect effect of a one-unit change (95% CI)
Age, years - 0.21 (0.05, 0.38) *
Female sex - 0.12 (-0.09, 0.33)
Waist circumference, cm 0.13(0.07,0.19) * 0.32 (0.27,0.37) *
HOMA1-IR - 0.38 (0.20, 0.55) *
Triglycerides, mmol/L - 1.03(0.19,1.88) *
LDLC, mmol/L - 0.19 (0.04, 0.30) *
Cardiorespiratory fitness unadjusted for - «
lean body mass, Watts -0.014 (-0.022, -0.005) -0.01 (-0.013, -0.007)
High sensitivity c -reactive protein, mg/L - 0.12 (0.06, 0.18) *
Resting heart rate, bpm - 0.16 (0.11, 0.20) *
Clinic BP, mmHg 0.63 (0.56, 0.69) * -

Indirect effect indicates the effect of a study factor on exercise blood pressure was mediated by one (or more) other study factors in the model.
—represents a study factor had no direct or indirect effect on exercise BP. BP, blood pressure; Cl, confidence interval; HOMAL-IR, Homeostatic
model assessment 1 of insulin resistance; LDLC, low-density lipoprotein cholesterol. * denotes statistical significance (p<0.05)
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Appendix Figure 5.1. Flow of participants.
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Appendix Figure 5.2. Hypothesized pathways of association between different cardiovascular
disease risk factors on exercise systolic blood pressure (BP; panel A) and diastolic BP (panel
B). Blue lines indicate a hypothesized directional association between two variables included
in the structural equation model. Dual head orange arrows indicate a possible shared
measurement error between two study factors. HOMA-IR, Homeostatic model assessment of
insulin resistance; LDL cholesterol, low-density lipoprotein cholesterol; PWC170, physical
work capacity at a heart rate of 170 bpm; ACR, albumin-creatinine ratio
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Appendix Figure 5.3. Direct and indirect effects of different cardiovascular risk factors on exercise systolic blood pressure. Black single head
arrows indicate a positive effect from one study factor to another. Blue single head arrows indicate a negate effect from one study factor to another.
Red dual head arrows indicate a positive association between the measurement errors of two study factors. Overall goodness of model fit: chi-
square divided by degrees of freedom = 1.93, root mean square error of approximation = 0.039, comparative fit index = 0.981, and Tucker-Lewis

index = 0.963. HOMA, Homeostatic model assessment of insulin resistance; LDLC, low-density lipoprotein cholesterol; PWC170, physical work
capacity at a heart rate of 170 bpm.
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Appendix Figure 5.4. Direct and indirect effects of different cardiovascular risk factors on exercise diastolic blood pressure. Black single head
arrows indicate a positive effect from one study factor to another. Blue single head arrows indicate a negate effect from one study factor to another.
Red dual head arrows indicate a positive association between the measurement errors of two study factors. Overall goodness of model fit: chi-
square divided by degrees of freedom = 1.93, root mean square error of approximation = 0.039, comparative fit index = 0.981, and Tucker-Lewis

index = 0.963. HOMA, Homeostatic model assessment of insulin resistance; LDLC, low-density lipoprotein cholesterol; PWC170, physical work
capacity at a heart rate of 170 bpm.
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