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Abstract

Cardiovascular disease is the leading global cause of mortality and morbidity and high blood
pressure (BP) is the single greatest risk factor. Cuff measured BP is used in clinical practice to
diagnose and guide management of high BP, with treatment of high BP resulting in a reduction
of cardiovascular risk. For these reasons, BP measurement is among the most important medical
tests performed, yet the conventional cuff method may be inaccurate. The overall aims of this
research were to determine: the accuracy of cuff measured BP; if distinct BP phenotypes exist

that relate to cuff BP accuracy and; haemodynamic factors that influence estimation of BP.

In study 1 (Chapter 2), the accuracy of cuff measured BP compared with intra-arterial brachial
and aortic BP was examined via three individual participant data meta-analyses among data
from the 1950°s to 2016. Intra-arterial brachial systolic BP was higher than aortic values. Cuff
BP had variable accuracy for measuring intra-arterial brachial and aortic BP, and this
significantly influenced correct BP classification. Indeed, the concordance of cuff BP across
hypertension categories (normal, pre-hypertension, hypertension stages 1 and 2) compared with
intra-arterial brachial BP was 60%, 50%, 53% and 80%, and compared with intra-arterial aortic
BP was 79%, 57%, 52% and 76%.

In study 2 (Chapter 3), cuff measured BP and intra-arterial BP waveforms from the aorta,
brachial and radial arteries were examined in 126 patients undergoing coronary angiography.
Four novel BP phenotypes were discovered based on variability in aortic-to-brachial and
brachial-to-radial systolic BP amplification. Cuff BP was unable to discriminate between the
phenotypes (p>0.5 all comparisons), and among two phenotypes completely missed patients at
potentially higher risk due to raised aortic BP. The key findings were confirmed by additional
data in 255 patients, supplied by four independent, international collaborators

In study 3 (Chapter 4), intra-arterial BP from 107 individuals undergoing coronary angiography
was used to determine the best peripheral BP waveform calibration method for the estimation
of aortic BP, as well as haemodynamic factors that may influence accuracy. BP waveforms
calibrated with brachial mean arterial BP/diastolic BP estimated aortic systolic BP more
accurately than brachial systolic BP/diastolic BP calibration. However, systolic BP

amplification had a major influence on the accuracy of estimated aortic systolic BP.

In summary, this thesis revealed the extent of inaccuracy in cuff measured BP compared to
intra-arterial BP. Moreover, distinct BP phenotypes were discovered which were related to cuff
inaccuracy. Finally, systolic BP amplification was found to influence the accuracy of estimated

xii



aortic BP from peripheral BP waveforms. Altogether, these studies substantially advance
understanding of the strengths and limitations of current BP measurement methods. Novel
reasons for measurement inaccuracy have been identified that may lead to tangible

improvements in the accuracy of BP measurement.

Keywords

Aorta, blood pressure determination, brachial artery, cardiac catheterization, haemodynamics,
hypertension, pulse wave analysis, prehypertension, sphygmomanometers
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ANOVA, Analysis of variance
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PRISMA-IPD, Preferred Reporting Items for Systematic Review and Meta-Analyses of
individual participant data
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Preface

High blood pressure (BP) is the foremost risk factor for cardiovascular disease.* Over 1.1 billion
people (1 in 5 adults) worldwide have high BP.? Treatment to reduce high BP lowers the risk
of mortality and other poor clinical outcomes.® * ° Upper arm cuff BP measurements are used
to guide decisions on diagnosis and treatment of high BP. However, there are many reasons
cuff measurements may not accurately reflect true BP.% 7 Of note, the standard cuff method
used in daily clinical practice has changed very little in over 100 years, despite fundamental
problems with accuracy being known for over half a century.2 Moreover, the definite reasons
for cuff inaccuracy are not yet known. Newer devices that purport to improve non-invasive BP
measurement by estimating aortic BP also have accuracy problems. These issues appear to be
related to the way peripheral BP waveforms are calibrated (scaled) in the measurement process,

however, further clarification of the best scaling method is required.

Cuff BP inaccuracy may have important clinical implications,® but several key questions remain
unanswered. For example, there is evidence that cuff BP underestimates intra-arterial brachial
SBP and overestimates intra-arterial brachial DBP.1% ! This is the prevailing dogma on cuff
accuracy, yet whether cuff BP also underestimates aortic SBP and overestimates aortic DBP is
unclear, but some evidence suggests this may not be the case.*> 3 Indeed, results from several
small studies suggest the difference between intra-arterial brachial and aortic SBP is highly
variable.*1® Clarifying the relationships between cuff BP and intra-arterial brachial and aortic
BP is an important goal, particularly because of the physiological expectation that aortic BP
should better represent the pressure loading on the vital organs than peripheral brachial BP. The
first aim of this thesis was dedicated to resolving these questions around the accuracy of cuff

measured BP compared with brachial and aortic intra-arterial BP.

Reasons for inaccuracy of cuff measured BP compared with intra-arterial BP remain unclear.®
There have been many different hypotheses on this issue,'’'® but never a definitive
breakthrough that could be translated to substantially improve BP accuracy. Cuff BP
measurements are based on signals measured at the upper arm via standard ‘one size fits all’
approaches that measure BP the same way in every single person.?® 2! But, evidence of sizeable
individual variability in BP transmission through the large arteries suggests different BP
phenotypes could exist,** 1> 22 however, this idea has never been interrogated with relation to
the influence on cuff BP accuracy. The second aim of the thesis examined variability in intra-

arterial BP transmission from the central-to-peripheral arteries to determine if BP phenotypes
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exist, and if so, whether these could be discriminated by standard cuff BP used in daily clinical
practice.

In recent years specialist devices that estimate aortic BP non-invasively have become available.
The devices were developed due to both increasing knowledge of distinct differences between
aortic and brachial BP, 2 and importantly, the expectation of greater clinical relevance from
aortic BP.?2 2 These devices were expected to markedly improve BP measurement methods
compared to the standard cuff by precisely estimating aortic BP and BP waveform features, and
thereby predicting clinical outcomes above and beyond cuff BP. But, instead debate on the

accuracy of estimated aortic BP devices has been ongoing for many years.?428

The primary limitation to the accuracy of these devices appears to be the calibration (scaling)
of peripheral BP waveforms with inaccurate cuff BP. The calibration is performed with either
cuff systolic BP/ diastolic BP (DBP) or mean arterial pressure/DBP and the latter may produce
more accurate results.?® An important question that remains unanswered is whether accurate
measurement of BP using cuff methods would improve the accuracy of estimated aortic SBP
due to more accurate calibration. Therefore, the third aim of the thesis was to determine the best
peripheral BP waveform calibration for estimation of aortic BP, and to determine additional

arterial variables (e.g. central-to-peripheral BP transmission) that may influence accuracy.

XXV



This thesis consists of individual studies and manuscripts that have been published, submitted
or are in final preparation for submission to peer-reviewed scientific journals. Chapters 2, 3 and
4 contain separate studies that are largely presented in the final published or submitted format.
Only slight modifications to writing style and grammar, which do not alter the results and
conclusions of the individual study have been made for clarity and consistency of presentation
throughout the thesis. Select tables and figures published as peer-reviewed supplemental
material have been added to the main results (Chapter 2 and Chapter 4) for easier interpretation.

The contribution of each study to the thesis aims is outlined at the end of each chapter.
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Thesis Aims
Aim 1

To determine the accuracy of cuff measured BP compared with intra-arterial brachial and aortic
BP.

Aim 2

To determine if distinctive BP phenotypes exist that relate to BP transmission from the central-
to-peripheral arteries and whether these could be discriminated by cuff measured BP.

Aim 3

To determine the best peripheral BP waveform calibration method for accurate estimation of
aortic BP.
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Chapter 1 Review of literature

1.2 Overview

Cardiovascular disease is the number one cause of mortality worldwide.>> 3! High blood
pressure (BP), which affects 1.1 billion humans worldwide, is the foremost risk factor for
cardiovascular disease.l’ 2 Treatment to reduce BP lowers the risk of adverse clinical
outcomes,® and for all these reasons, BP measurement is among the most important of all
medical tests. Accuracy of the readings is critical,” however, there are many reasons that
standard BP measurement performed with upper arm cuff devices may be inaccurate.® Whilst
many causes of inaccuracy can be controlled, there are fundamental problems in the ability of
cuff BP devices to predict gold standard intra-arterial BP. This issue has been known for
decades,® but a comprehensive analysis to address this has never been conducted. Furthermore,
there has never been a definitive breakthrough in understanding why cuff BP may be
inaccurate. Newer, specialised devices that estimate aortic BP non-invasively also have
problems with accuracy. The following review aims to summarise the pertinent literature on

these issues and highlight areas that require further research.

1.3 What is blood pressure and why is it important?

BP is defined as the perpendicular strain or force exerted on the arterial walls.32 Clinicians
measure BP to estimate the pressure load that the vital organs may be exposed to and therefore
the potential risk of sub-clinical organ damage or serious adverse events. Several different
pressure indices can be obtained from BP measurements (Figure 1.1). First, the highest pressure
in the arteries is systolic BP (SBP). This is the pressure the heart must generate to eject blood
from the left ventricle into the systemic circulation. Second, diastolic BP (DBP) is the lowest
pressure in the arteries, and is observed at the end of the diastole phase of the cardiac cycle.
Third, mean arterial pressure (MAP), which represents the average pressure over a single
cardiac cycle. Last, pulse pressure (PP), which is calculated as SBP — DBP and represents the
maximal pulsatile load on the arteries. Clinicians place most attention on SBP and DBP

because these two parameters are the strongest predictors of clinical outcomes.* ®
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Figure 1.1 Representative example of an intra-arterial aortic blood pressure waveform

illustrating the most common pressure parameters.

Systolic blood pressure (BP) is the peak pressure in the arterial system and coincides with peak
cardiac contraction. Diastolic BP is the lowest pressure, observed at the end of the relaxation
phase (diastole) of the heart. Mean arterial pressure represents the average pressure in the
arteries and pulse pressure is the maximal pulsatile load in the arteries. This example represents
the measurement of BP from an intra-arterial BP waveform, but other methods (e.g.

oscillometric cuff devices, use different methods to obtain pressure parameters).



Globally, high BP is one of the leading risk factors for mortality, and is the number one risk
factor for cardiovascular disease.®® Worldwide 1.1 billion people have high BP, and this
equates to 1 in 5 adults.? The prevalence in Australia is consistent with the rest of the world,
except for the state of Tasmania, where nearly 1 in 3 people have high BP.3* This is a major
public health concern given high BP is such a strong risk factor for cardiovascular disease. The
strength of BP as a risk factor was shown in an individual participant data meta-analysis of
more than one million people where clear log-linear associations were observed for both SBP
and DBP with ischemic (coronary) heart disease, stroke (Figure 1.2), and other vascular
mortality.® BP is also strongly associated with subclinical organ damage that often precedes
major cardiovascular events (e.g. left ventricular hypertrophy, aortic stiffness and white matter

lesions). 364

Since the 1970s the worldwide prevalence of cardiovascular disease mortality has declined
concomitant with the prevalence of high BP. Indeed, it is well established that accurate
diagnosis and subsequent treatment of high BP is vital to reduce cardiovascular risk. A
comprehensive meta-analysis of 123 randomised controlled trials of BP lowering drugs
recently confirmed this, showing a reduction in SBP by 10 mm Hg lowered the risk of coronary
heart disease, stroke, heart failure and even all-cause mortality by between 13-28% (Figure
1.3).2 Treating high BP effectively is clearly vital for the health of patients, but also to limit the
costs of suboptimal BP, which may be in excess of $370 billion USD annually across the

world.*
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Figure 1.2 Risk of ischemic heart disease and stroke associated blood pressure.

Mortality risk due to ischemic heart disease (y-axis; top panel) and stroke (y-axis, bottom
panel) is presented on a logarithmic scale according to usual systolic blood pressure (x-axis;
left panel) and diastolic blood pressure (x-axis; right panel). Results are presented across ten-

year age increments. Figure from Lewington et al, 2002.%



Studies  Intervention Control RR (95% Cl) per 10 mm Hg reduction
in systolic blood pressure

Events Participants Events Participants
Major cardiovascular events 55 13209 137319 14068 128259 = 0-80 (0-77-0-83)
Coronary heart disease 56 4862 136986 5301 128548 = 0-83 (0:78-0-88)
Stroke 54 4635 136682 5378 128641 — 073 (0-68-0-77)
Heart failure 43 3284 115411 3760 107440 = 0-72 (0-67-0-78)
Renal failure 16 890 39888 834 39043 — 0-95 (0-84-1-07)
All-cause mortality 57 9775 138298 9998 129700 + 0-87 (0-84-0-91)

I 1
05 1 15
RR per 10 mm Hg reduction in systolic blood pressure

+— —>

Favours intervention Favours control

Figure 1.3 Meta-analysis data on the effect of antihypertensive therapy on cardiovascular, renal and all-cause mortality.

The risk ratio (RR) represents the level of risk associated with a 10 mm Hg reduction in systolic blood pressure. Lowering blood pressure reduced risk
in all end-points except renal failure in the intervention arm of the trials (antihypertensive treatment group). Figure from Ettehad et al, 2016.3



1.4 Importance of accurate blood pressure measurement.

Relatively small inaccuracies in BP measurement could result in misclassification and
therefore mismanagement of BP in millions of people.® Inaccuracy could manifest as
underestimation of true risk related to BP, potentially leaving patients exposed to unnecessary
cardiovascular risk.> % If underestimation of BP resulted in either undertreatment of BP or
people completely missing treatment,*? this could lead to a higher prevalence of major
cardiovascular events. On the other hand, overestimation of BP could lead to treatment that is
too intensive or unwarranted, potentially causing side effects such as falls,*® hypotension,
syncope and acute kidney injury or renal failure in the worst cases.** Overestimation of BP

could also lead to additional costs due to unnecessary treatment.®

The traditional cut point to initiate antihypertensive therapy is >140/90 mm Hg (Table 1.1).
However, patients with BP measured in the “prehypertension” range (120-139/80-89 mm Hg)
are at increased risk of cardiovascular disease.* “6 Published studies, whether randomised
controlled trials or observational studies, report conflicting results on the optimal level of BP
for the lowest risk of adverse clinical outcomes.*” The Systolic Blood Pressure Intervention
Trial (SPRINT)* found reducing SBP to below 120 mm Hg (compared to standard <140/90
mm Hg) was associated with a 25% risk reduction for the primary composite cardiovascular
outcome in participants with high cardiovascular risk, but without diabetes mellitus. SPRINT
created many questions for the scientific community because of the automated unobserved
office BP protocol used in the study, which is different to all other randomised clinical trials.
This protocol reduces the white-coat effect and may explain why the BP target was so low. The
Action to Control Cardiovascular Risk in Diabetes BP trial tested the reduction of BP to the
same intensive target as SPRINT, but used a traditional office BP measurement protocol. The
intensive BP lowering in this study did not reduce events compared to standard BP lowering.
Other analyses suggest the relationship between BP and clinical outcomes can be described by
U-shaped,*® or J-shaped*® %° curves, suggesting lower BP could be harmful in some patients.
These complex issues are the subject of ongoing debate and apparent confusion in the field that

are beyond the focus of this thesis.*">1-23



Table 1.1 Classifications of clinic measured blood pressure.

ESH 2013*
Optimal
Normal
High normal

Grade 1 hypertension

Grade 2 hypertension
Grade 3 hypertension

Isolated systolic
hypertension

Systolic
<120
120-129
130-139

140-159

160-179
>180

>140

and
and/or
and/or

and/or

and/or
and/or

and

Diastolic JNC7°

<80
80-84
85-89

90-99

100-109
>110

<90

Normal

Pre-hypertension

Stage 1

hypertension

Stage 2
hypertension

N/A

Systolic
<120

120-139

140-159

>160

and

or

or

or

Diastolic
<80
80-89

90-99

>100

Blood pressure classifications based on based on European Society of Hypertension (ESH) and Joint
National Committee 7 (JNC7) guidelines.*®



1.5 Gold standard blood pressure measurement — intra-arterial

Intra-arterial BP measurement requires a catheter, wire or other pressure-sensing device to be
temporarily inserted within an artery (e.g. aorta). This method is the most accurate way to test
the true accuracy of non-invasive upper arm cuff BP devices, but it is not practical or ethical
for everyday use. Whilst intra-arterial BP is considered the gold standard of BP measurement,
there are potential limitations if catheters are not correctly handled. Using fluid-filled catheters,
BP measurement errors can be caused by sub-optimal dynamic responses (e.g. under- or over-
damping)** due to the length of tubing, air bubbles, the number of taps and connectors in the
system. Solid-state (micromanometer tip) catheters are free of these limitations because the
pressure transducer is at the tip of the catheter. But, if handled incorrectly, these catheters may
also provide erroneous BP values (due to zero drift). Nevertheless, intra-arterial BP is widely
regarded at the gold standard of BP, but due to clear practical limitations use of upper arm cuff

devices is necessary for everyday BP screening.
1.6 Cuff blood pressure measurement methods

1.6.1 Original description of cuff measured blood pressure

Scipione Riva-Rocci was a 19™ Century Italian internist who described the first pneumatic
upper arm cuff for BP measurement.> In his thesis, he lamented that there were no accurate
methods of BP measurement available for routine clinical use. He realised the potential clinical
importance of BP measurement to “discover the force that blood exerts on vascular walls and
thus on the surrounding tissue...” Riva-Rocci’s discovery, reported in 1896, provided a
simple method of BP measurement compared to non-invasive devices before it.>® °" The
method only enabled measurement of SBP (via palpation of the radial pulse whilst inflating
the cuff) and Riva-Rocci theorised that this represented the “total pressure at a point quite close
to the aorta or, if you wish, the pressure either in the aorta itself (if the left arm is used).”®®

The Riva-Rocci method was refined in 1905 when Russian physician Nikolai Korotkoff
reported his discovery of the eponymous arterial sounds. Korotkoff measured SBP and DBP
by auscultation of the brachial artery during cuff deflation. The discovery, communicated in
just 245 words,*® was arguably one of the most influential in all of clinical medicine and
remains the gold standard of non-invasive cuff BP measurement against which newer BP
devices are tested for accuracy.* > %% In this thesis, the term cuff BP is used to refer to upper
arm (brachial) cuff devices, which are used in daily clinical practice. Wrist cuff devices are

also available and many have passed international validation protocols.®® However, the



technical challenges that remain mean these devices are not usually recommended for use,

except in patients with a very large arm circumference. 4

1.6.2 Auscultatory method for cuff blood pressure measurement

Auscultation is the practice of listening to sounds in the body and is typically performed with
a stethoscope. Brachial artery auscultation during BP cuff deflation reveals the five Korotkoff
sounds (Figure 1.4). The first and fifth Korotkoff sounds are used to measure SBP and DBP
respectively.* After Korotkoff’s discovery scientists began trying to understand the cause of
these arterial sounds.®? Many theories were postulated including breaking steep wavefronts,
various fluid-induced vibrations, level of blood flow to the forearm, wall movements and
various pressure based phenomena, all of which have been reviewed in detail.5? 2 In recent
years with improved technology, more sophisticated studies have been performed. Benmira et
al®* recently published a detailed assessment of this topic. They studied 23 participants with
electrocardiogram gated ultrasound to obtain arterial images as well as Doppler signals, wide
frequency electronic recordings of the Korotkoff sounds, pulse wave velocity and arterial
diameters. At the onset or just before the first Korotkoff sound a “low-frequency, high energy”
Doppler signal was observed. The authors attribute this signal and therefore the first Korotkoff
sound to arterial wall instability as flow returns to the occluded artery. These insights are
important for understanding BP measurement via auscultation. The genesis of arterial signals
measured by Benmira et al® appears to be the brachial artery, which supports the notion that
the Korotkoff sounds should represent intra-arterial brachial BP. This is different to Riva-

Rocci’s theory that the cuff BP method would reflect the aortic BP.

1.6.3 Oscillometric method for cuff blood pressure measurement

Acrterial wall vibrations during cuff deflation are used to measure BP via the oscillometric
method. Most automated devices use this method which detects oscillations in cuff pressure to
measure MAP. Arterial oscillations were first described in the 1870s, and by the early 1900s
there was a good understanding of this phenomenon.®” However, it took until the 1970s for the
first automated oscillometric device to be developed, known as the device for indirect non-
invasive mean arterial pressure (DINAMAP).%® The DINAMAP measured MAP only, and
determined this from the point of maximal cuff pressure using the maximum amplitude

algorithm (Figure 1.5).
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Figure 1.4. Graphical representation of the five Korotkoff sounds for the measurement
of blood pressure via auscultation of the brachial artery.

As cuff pressure (y-axis) decreases the first Korotkoff sound is observed (phase 1) and this
corresponds to systolic blood pressure. Phase II, 11l and IV are observed with continued
deflation before the onset of silence with the fifth Korotkoff sound (phase V). This represents
diastolic blood pressure. Adapted from Geddes LA, The Direct and Indirect measurement of
blood pressure, page 111, figure 2-27.%
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Figure 1.5 Typical method of oscillometric blood pressure measurement.

Cuff pressure deflation and the corresponding curve is depicted in panel A. The oscillometric
waveform corresponding to cuff deflation is shown in panel B. The oscillometric waveform
envelope is presented in panel C. The maximum amplitude algorithm method is used to detect
MAP, as highlighted in panel C through to panel A. Different empirical algorithms can then be
used to estimate SBP and DBP. The black dots on the upstroke and downstroke of the
oscillometric waveform envelope represent the points used to define SBP and DBP via fixed
ratio. The green dots and dashed green lines represent the points of SBP and DBP identification

based on maximum up- and down-slopes on the waveform envelope. Figure adapted from

Benmira et al, 2016%° and Forouzanfar et al, 20152,
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Clinical outcomes are most strongly related to SBP and DBP, thus shortly after the original
DINAMAP, a revised device was developed that estimated SBP and DBP.®® Using
oscillometric devices, SBP and DBP are estimated via fixed ratios on the up- and down- slopes
of the oscillometric waveform envelope or by assessing the rate of change either side of the
maximal oscillation (Figure 1.5). These estimates of SBP and DBP are designed to replicate
the 1% and 5™ Korotkoff sounds because this is the reference standard new BP devices are
validated against.* > % However, the confidential proprietary algorithms used to derive SBP,
DBP and MAP in oscillometric devices make it difficult for anyone except the manufacturer
to precisely understand the measurement methods of each device. The oscillations detected in
the cuff are generated at the brachial artery level, and because the derived SBP and DBP are
meant to replicate the Korotkoff sounds, it is fair to assume that oscillometric devices are also

intended to measure intra-arterial brachial BP.

1.6.4 Differences between auscultation and oscillometric cuff blood pressure

Auscultation is a “direct” non-invasive measurement of SBP and DBP, via the 1% and 5"
Korotkoff sounds (Figure 1.4). On the other hand, the oscillometric method uses empirical
calculations to derive SBP and DBP from the oscillometric waveform envelope (Figure 1.5).
These are distinct techniques with different strengths and limitations. Auscultation is a tried
and tested method with decades of clinical trial data showing BP measured this way predicts
risk of disease. But, auscultation is also susceptible to observer-related errors (e.g. hearing
problems, digit bias) in BP measurement. An important strength of automated oscillometric
devices is that the measurements are observer independent and less susceptible to the errors of
auscultation. However, algorithms used in the oscillometric method may be susceptible to
systematic error. Furthermore, excessive movement may disrupt the oscillometric
measurement process, thus auscultatory BP measurements are recommended in certain settings
(e.g. during exercise).®” Premature ventricular contractions may also create problems for

accurate oscillometric measurement of BP compared with auscultation.®
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1.7 Issues influencing accurate cuff blood pressure measurement.

Accurate cuff BP measurements from either auscultation or automated oscillometric methods
are difficult to achieve,® with many factors that may cause errors. Scipione Riva-Rocci made
astute observations in his thesis on the importance of repeated BP measurements because of
the influence of external stimuli (noise, patients reading a book) on accuracy of individual
readings.> A recent systematic review® synthesised many of the factors that affect cuff BP
accuracy and Table 1.2 summarises the key issues, grouped as procedure-, observer- and
device-related sources of error.

The first two issues can mostly be controlled in optimal conditions and whilst important, they
are not the focus of the thesis. On the other hand, device-related issues cannot be addressed
without fundamental changes to the actual device or method used to measure BP. The
systematic review® has not fully addressed this issue because the search terms were too narrow
to capture all the relevant studies. Furthermore, there was no meta-analysis to fully quantify
the magnitude of cuff inaccuracy. The problems with cuff BP accuracy compared to the gold
standard intra-arterial BP measurement have been recognised since at least the 1950s when a

report endorsed by the American Heart Association was published.®
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Table 1.2 Factors that may influence the accuracy of cuff measured blood pressure in
adults.

SBP error (versus DBP error (versus
reference method) reference method)

Procedure-related
Arm lower than heart level T T
Body position

Standing # T

Supine # #
Cuff placed over clothing # ™
Excessive pressure on stethoscope head | = J
Fast cuff deflation rate ! )
Incorrect choice of cuff size

Smaller cuff T T

Larger cuff \’ J
Insufficient rest period 0 )
Legs crossed at knees ) )
Reliance on a single measurement ) #
Short interval between measurements # #
Stethoscope under cuff ) J
Talking during measurements ) )
Unsupported back # T
Unsupported arm 1 )
Use of stethoscope bell (versus | # A
diaphragm)
Observer-related
Korotkoff Phase IV (versus V) for DBP | N/A )
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Table 1.2 (continued)
Observer hearing deficit

Terminal digit preference for zero

Device-related

\J

1-79% over-
representation of

terminal zero

/I\

3-79% over-
representation of

terminal zero

Accuracy versus invasive criterion
Accuracy versus non-invasive criterion

Device calibration error

Adapted from: Kallioinen et al, 2017.% SBP, systolic blood pressure; DBP, diastolic BP; T, SBP

or DBP higher than reference method; 4 SBP or DBP lower than reference method; # significant

effects reported in each direction or no significant effects reported; * only one study reported

significant effect.
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1.7.1 Standard cuff blood pressure devices — lines of evidence questioning accuracy

Several lines of evidence place a question over the accuracy of cuff BP devices (device-related
issues) used in daily clinical practice. Numerous studies have shown cuff BP underestimates
intra-arterial brachial SBP and overestimates intra-arterial brachial DBP. This is the prevailing
dogma on cuff accuracy.'® ¢ 8° However, BP values from intra-arterial aortic, brachial or radial
measurements are not equivalent, and the differences may be highly variable.}* 1> 70 71 Cuyff
BP is often tested for accuracy against these intra-arterial BPs interchangeably without
consideration of the physiological difference across the arterial sites. This issue was not
addressed in the aforementioned systematic review.® Moreover, testing cuff values against BP
from different intra-arterial sites may lead to confusion on what cuff BP is intended to measure.
Riva-Rocci surmised cuff SBP was equivalent to intra-arterial aortic SBP.> Indeed, some
recently published studies support this assertion.!? * But, standard cuff BP methods
(auscultatory and oscillometric) use signals from the brachial artery to measure BP and are
expected to represent intra-arterial brachial BP. Clarifying this issue is critically important
because there is a clear physiologic rationale that aortic BP is more closely related than brachial
BP to the pressure load on vital organs, and thus clinical outcomes.”> "

The strongest cardiovascular risk factor is BP, and therefore it is expected that inaccuracy of
cuff BP could have large implications for appropriate diagnosis and management of
hypertension and therefore overall cardiovascular risk.® Although issues of cuff accuracy
compared with intra-arterial BP have been acknowledged in expert consensus documents for
decades,® and many studies have tested this,'% 14 16 there has never been a comprehensive
analysis of all available data. This would help to resolve issues of uncertainty around the
accuracy of cuff BP and in determining potential clinical ramifications of cuff inaccuracy. The
aim of Chapter 2 of this thesis was to examine the accuracy of cuff-measured BP compared
with brachial and aortic intra-arterial BP.

1.7.2 What are the reasons for cuff inaccuracy compared to intra-arterial blood pressure?

There are several hypotheses on the reasons for cuff inaccuracy, but overall this issue remains
poorly understood. Increased arterial stiffness may affect the compressibility of the brachial
artery and influence BP measurements,’* as well as the ability of oscillometric algorithms to
accurately detect BP.Y” A second possible cause of inaccuracy is larger arm circumference and
obesity,*8 1° which can mean the BP cuff fits poorly as well as difficulty in compression of the
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artery. Data on the effect of arm circumference and obesity is equivocal, 1% 5% 7476 Jeaving the

field without a definitive understanding around this problem.

Standard cuff BP methods outlined in section 1.5 (Korotkoff sounds and oscillometry) use a
standard “one size fits all” approach to measure brachial artery signals for every measurement
on every person. But, there is considerable individual variation across a range of arterial
characteristics including vessel stiffness, diameter, tapering and wall thickness,® 7% 7779 ag
well as BP transmission from central-to-peripheral arteries and BP waveform morphology.'*
0. 7179 The relationship of variability in BP transmission from central-to-peripheral arteries,
BP waveform characteristics and cuff BP has never been examined in detail. However, this
could provide a novel explanation for inaccuracy of cuff BP measurements. The aim of Chapter
3 of this thesis was to determine if BP phenotypes exist that are related to the transmission of
BP from central-to-peripheral arteries and how these may influence cuff BP measurement

accuracy compared to intra-arterial BP.

1.8 Estimated (non-invasive) aortic blood pressure measurement methods

Brachial cuff BP is a strong predictor of cardiovascular risk.3> However, there is a physiological
expectation that aortic BP, not brachial BP should more closely associate with risk.2® This is
based on the closer proximity of the vital organs (e.g. heart, brain, kidneys) to the aortic BP
load and the potential for large differences in SBP between the aorta and the brachial artery.
Indeed, understanding how BP is transmitted from central-to-peripheral arteries has been of
interest for many decades.®! Distinct variability in SBP between the aorta and brachial arteries
has led to the development of non-invasive methods to estimate aortic BP. 2% The only way to
measure aortic BP before the invention of these devices was via intra-arterial catheterisation, a
highly invasive procedure only performed during coronary angiography or coronary artery
bypass surgery. This is not practical and is unethical to use for routine BP screening, thus the
added impetus to develop non-invasive methods to estimate aortic BP. The first commercially
available device to estimate aortic BP was SphygmoCor (AtCor Medical, North Ryde,
Australia). There are now >10 different specialist devices that estimate aortic BP (and aortic
BP waveform characteristics), each with methodological strengths and limitations (Table
1.3).82

Studies published using estimated aortic BP methods generate controversy and heated debate.
Differing views about mathematical algorithms,8%8 and waveform calibration (scaling)

methods®-°! dominate correspondence. Overall, irrespective of the important academic
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discussions on this topic, the clear limitations to the accuracy of estimated aortic BP have been
reproduced by multiple independent observers.t2 1325 26.29.92.93 The term “central BP” is most
commonly used to refer to devices that purport to estimate aortic BP. However, “central BP”
has become synonymous with the perpetual arguments between investigators. The term
“estimated aortic BP” will be used throughout this thesis, because of the thesis focus on the
accurate measurement of BP, irrespective of whether this is at the aorta or brachial artery.
Notionally, there is an expectation of greater clinical relevance of aortic BP compared to
brachial BP,2° but accuracy issues with these devices may seriously confound studies on this

topic.®°

1.8.1 Comparison between cuff brachial and central aortic blood pressure for predicting

outcomes.

In 2010, Vlachopoulos et al®* conducted a meta-analysis of all available data on aortic BP
compared with brachial cuff BP for the prediction of clinical events. Pooled results from four
studies in 3465 patients showed that aortic SBP did not predict clinical outcomes above and
beyond brachial SBP (risk ratio (RR): 1.236 (95% CI 1.128 to 1.354) versus RR: 1.204 (95%
Cl 1.104 to 1.313), p=0.62). For PP, data from five studies with 4574 patients was analysed
and aortic PP (RR: 1.318 (95% C1 1.221 to 1.423)) trended toward predicting clinical outcomes
better than brachial PP (RR: 1.188 (95% CI 1.104 to 1.280), p=0.057). After excluding one
study perceived to be methodologically flawed, aortic PP was found to be a significantly
stronger predictor of clinical outcomes than brachial PP (RR: 1.338 (95% CI 1.236 to 1.448)
versus 1.178 (95% CI 1.091 to 1.272), p=0.017).%

A recent analysis of 2183 Framingham Heart Study participants found there was no additional
predictive power of estimated aortic BP beyond brachial BP.%¢ Kollias et al*” also published a
meta-analysis of cuff BP versus aortic BP for prediction of target organ damage. This study
found that estimated aortic SBP was modestly, but significantly more closely related to left
ventricular mass index, carotid intima-media thickness and aortic stiffness (measured by pulse
wave velocity) than cuff BP.%” The modest or lack of predictive power of estimated aortic BP
above and beyond brachial BP may be related to collinearity of the two BPs (R>0.96 in the
Framingham Study).*® Brachial and aortic BP will always be correlated, but with non-invasive
techniques collinearity may be greater because the BP waveform used to estimate aortic BP is
calibrated (scaled) with brachial BP.

More recent data from one device (Mobil-o-graph, IEM GmbH, Stolberg, Germany), has
shown estimated aortic BP from cuff oscillometric MAP/DBP calibration may improve
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prediction of clinical outcomes. Indeed, estimated aortic BP from this method has been found
to predict left ventricular hypertrophy in most,® % but not all available data,*® more strongly
than brachial cuff BP and estimated aortic BP from cuff SBP/DBP calibration. Additionally,
other data shows cuff MAP/DBP calibration to be superior for predicting coronary
atherosclerosis,'® and mortality in a small cohort of end stage renal disease patients.’* The
oscillometric MAP/DBP calibration mode reduces collinearity of estimated aortic BP and
brachial BP,°* which potentially means the variance in clinical outcomes could have a stronger
association with estimated aortic BP. However, these findings may be specific to the Mobil-o-
graph device.%2 Several limitations of estimated aortic BP are commonly acknowledged,
relating to mathematical algorithms and BP waveform calibration methods. These issues are
usually responsible for problems with measurement accuracy.?® 1% The heterogeneity of
estimated aortic BP values between devices could explain the varying strength of associations
with target organ damage, as well as the conflicting data on the clinical usefulness of estimated

aortic versus brachial cuff BP.

1.9 Issues influencing accuracy of estimated aortic blood pressure.

The limitations of devices that estimate aortic BP are shown in Table 1.3. The two most
commonly cited limitations are use of a generalized transfer function and methods of
calibration. In these devices, transfer functions are used to express the relationship between the
peripheral (brachial or radial) waveform and the aortic waveform. The transfer functions are
generalized because they are averaged from a dataset of individual participant transfer
functions and are intended to be applicable across the entire population. For example, the
transfer function in the SphygmoCor device was developed in just 14 people,* but has since
been validated by numerous independent groups.’%9” The accuracy of generalized transfer
functions has been the subject of continual scientific disagreement,?* 8. 198 egpecially in
specific populations such as patients with type 2 diabetes mellitus,®” 1% 119 chronic kidney
disease, % 112 and children.1!3 114 Generalized transfer functions are not the focus of this thesis,
for more information refer to Chapter 26 of McDonald’s Blood Flow in the Arteries textbook
51 edition'!® and Segers et al.®

The other primary limitation of estimated aortic BP is the calibration of peripheral BP
waveforms. Calibration is performed to scale waveforms to pressure units (mm Hg). For
example, the operation of the SphygmoCor involves three key steps including calibration: 1)
radial waveform is recorded via applanation tonometry; 2) waveform calibration, usually with
cuff SBP/DBP, or alternatively with cuff MAP/DBP and 3) radial to aortic generalized transfer
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function is applied to estimate aortic BP (Figure 1.6). Issues that ignite lack of agreement
around the best calibration methods to estimate aortic BP accurately include BP

amplification,'® 269 cuff accuracy,®> 6117 and the actual BP values used for calibration.'? >
26, 29, 85, 89, 92, 93, 103, 116-119
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Table 1.3. Critical analysis of the current methods to estimate aortic blood pressure non-invasively.

Positive aspects
Carotid tonometry - Close proximity of aorta and
carotid
- No transfer function of
mathematical modelling
- Can be used in children

- 3 mortality studies?%-1??

Limitations

Aortic to carotid amplification
might not be negligible

Calibration to mean and diastolic
pressure cuff pressure

High quality carotid tracings could
be difficult to obtain

Commercial devices available
Complior Analyse (Alam Medical,
France)

Pulse Pen (Diatecne, Italy)
SphygmoCor CVMS (AtCor, Australia)

Carotid echotracking - Close proximity of aorta and
carotid

- Can be used in children or

Calibration to mean and diastolic
pressure cuff pressure

Diameter and BP waveform might

ArtLab and MyLab (Esaote, Italy)

obese differ due to non-linearity of arterial

patients wall
Radial tonometry + - Radial tonometry easier than - Calibration to cuff pressure B-Pro, Caspal, CasPro (Healthstats,
transfer function carotid tonometry - No_correction for__upper _arm Singapore)

- 1 mortality study 23

amplification
Use of generalized transfer function

for the whole population

SphygmoCor CVMS (AtCor, Australia)

Radial tonometry + - Hands-free radial tonometry
SBP2 (+calibration - Estimation not dependent on
correction) cuff calibration error

Incorrect information on aortic to

brachial amplification

Omron HEM9000-Al (Omron, Japan)
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Difficulty to detect 2nd systolic
shoulder
Limited accuracy in young healthy

subjects and low BP subjects

Brachial oscillometry

Non operator-dependent

- [Ease of use

- Possibility to assess central
SBP

over 24h for some devices

- One mortality study®!

Calibration to cuff pressure

Based on generalized transfer

function for the whole population

Arteriograph (TensioMed, Hungary)
Centron cBP301 (Centron, UK)
Mobil-o-graph (IEM, Germany)
PulseCor (New Zealand)

SphygmoCor XCEL (AtCor, Australia)
Vicorder (Skidmore Medical, UK)
Watch BP Office Central (Microlife,
Switzerland)

BPLab (BPLab, Russia)

Adapted from Millasseau and Agnoletti.?? The limitations in underlined bold italics will be addressed in Chapter 4 of this thesis. SBP2, second

systolic peak on radial BP waveform.

22



1. Recording of unscaled pressure waveforms.
The scale on the left represents the pressure
waveform being recorded in Volts.

2a. Calibration of waveforms using SBP/DBP (within
purple circles)

2b. Calibration of waveforms using MAP/DBP (within

pur ple circles)
=
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3a. A full 10 second segment of waveforms from step 1
is ensemble averaged (white waveform on left below)

and calibrated with the SBP/DBP (mmHg) from step 2a 3b. As per 3a. except MAP/DBP is used for
(below see left hand scale and purple markers). The calibration. The hatched area under the waveform
estimated aortic BP is the generated on the basis of represents the MAP.

this information (yellow waveform on right below). v v

RADIAL AORTIC 7 ADRTIC

Figure 1.6 Process for estimation of aortic blood pressure using SphygmoCor CVMS

Representative figure of process to estimate aortic BP via calibration (scaling) of peripheral BP waveforms using systolic BP (SBP)/diastolic BP (DBP)

calibration or mean arterial pressure/DBP with SphygmoCor CVMS (AtCor Medical. North Ryde, Australia). See figure text for details.
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1.9.1 Estimated aortic blood pressure devices — lines of evidence questioning accuracy

Several lines of evidence on different aspects of the calibration process raise questions on the
accuracy of estimated aortic BP. There have been several meta-analyses assessing the accuracy
of estimated aortic BP compared to intra-arterial aortic BP.*> 2% 193 The most recent, from
Papaioannou et al, 20162° examined commercially available devices for accuracy when the two
most common waveform calibrations, cuff SBP/DBP or cuff MAP/DBP were used. As
expected, estimated aortic SBP from cuff SBP/DBP waveform calibration substantially and
significantly underestimated intra-arterial aortic SBP (13 studies, -7.8 mm Hg, 95% CI -10.3 to
-5.3). On the other hand, cuff MAP/DBP calibration still significantly underestimated aortic
SBP, but by a much smaller magnitude (6 studies, -3.0 mm Hg, 95% CI -5.8 to -0.22). Ignoring
brachial-to-radial SBP amplification and cuff BP error may both contribute to inaccuracy of

estimated aortic BP.2% 93 117

Cuff SBP/DBP has long been recommended as the optimal calibration method when radial
waveforms are used to estimate aortic BP.%" 12* This is based on the textbook assumption of
negligible brachial-to-radial SBP amplification.'*> However, we and others have previously
shown substantial brachial-to-radial SBP amplification in non-invasive and intra-arterial BP
studies. Our previous work showed that after accounting for brachial-to-radial SBP
amplification in radial waveform calibration, estimated aortic SBP was significantly increased
in younger (+5+4 mm Hg) and older apparently healthy participants (+12+6 mm Hg),?® and
patients with type 2 diabetes mellitus (+9+6 mm Hg).*® Despite some differing views, 8%-9%
125128 most evidence suggests brachial-to-radial SBP amplification exists (or is at least variable
between individuals),> 25 26, 70.81, 93, 129-131 and two expert consensus documents cite this as an
issue affecting accurate estimation of aortic BP from radial waveforms.%? 132 MAP/DBP is
relatively stable through the large arteries, '3 therefore, calibration using this method may partly
account for brachial-to-radial SBP amplification.® Cuff BP inaccuracy may also compound

measurement error, which is also a problem for newer brachial cuff based methods.

In the past five years, the popularity of brachial cuff based devices for estimation of aortic BP
has rapidly increased. These devices are more user friendly than other methods, making them
more appealing in the clinical setting. Using brachial waveforms to estimate aortic BP also
negates the potential for inaccurate calibration due to brachial-to-radial SBP amplification.
However, because cuff BP tends to inaccurately represent intra-arterial BP,'% ! cuff SBP/DBP
calibration of brachial waveforms still underestimates intra-arterial aortic SBP.?° Shih et al, 1t/
have shown that 96% of the error in SBP is caused by cuff underestimation of intra-arterial

brachial SBP. However, the authors developed the generalized transfer function on the same
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participant cohort they then tested with the cuff calibration. This could inadvertently eliminate
some error caused by the transfer function that would be evident if the cuff calibration was
performed on an independent dataset. On the other hand, using cuff MAP/DBP calibration may
produce a more accurate,?® and clinically relevant®® % 101 estimate of aortic SBP than cuff
SBP/DBP calibration, although this may be device specific. To date no cuff calibration has
produced an estimated aortic BP to the same level of accuracy as compared to intra-arterial
aortic MAP/DBP calibration. An important question to examine is if accurate measurement of
cuff SBP/DBP or cuff MAP/DBP was achieved, which of the two calibration methods would
produce the best estimated aortic BP. The aim of Chapter 4 of this thesis was to determine the
best peripheral waveform calibration method for accurate estimated aortic BP and to

understand arterial variables that may influence this.

1.10 Potential benefits of improving blood pressure measurement accuracy

There are clear hints within the literature that BP measurement accuracy from standard cuff
methods and estimated aortic BP may be inaccurate. This is concerning and improving BP
measurement accuracy would be expected to have several benefits. First, more accurate BP
measurements would lead better BP management and potentially more personalised treatments.
Because even small errors in BP measurement (e.g. 5 mm Hg) could have major ramifications
for BP diagnosis,® any small improvements in accuracy would be valuable. Second, more
accurate measurements would improve the quality of research on BP, and advance knowledge
on thresholds for BP management across different populations, efficacy of antihypertensive
therapies and the relationship of BP with damage of different target organs. This is especially
important for kidney disease, where data are still equivocal on the benefits of antihypertensive
medications,® with the suggestion that intensive BP lowering could even accelerate declines in
kidney function.®®* Finally, accurate BP measurements would allow true understanding of the
clinical relevance of brachial versus estimated aortic BP. This would lead to better
understanding of this issue among various populations (e.g. apparently healthy, various disease

states) and different vital organs (e.g. heart, kidneys).

1.11 Summary

This review of literature has covered key issues related to the accurate measurement of BP.
Overall, evidence accumulated over several decades suggests that cuff measured BP, used in
daily clinical practice for diagnosis and management of high BP, may be inaccurate compared
with gold standard intra-arterial BP. Important questions on the true level of cuff inaccuracy

compared to intra-arterial BP from different arterial sites and potential clinical ramifications of
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inaccuracy need to be resolved. Beyond quantifying the level of cuff inaccuracy, there has never
been a definitive breakthrough to understand this problem. Specialist devices that estimate

aortic BP non-invasively may be prone to inaccuracy due to calibration methods, and further

detailed studies on this issue are required.
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Chapter 2 - Accuracy of cuff measured blood pressure: systematic reviews

and meta-analyses

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

the American College of Cardiology.

Picone DS, Schultz MG, Otahal P, Aakhus S, Al-Jumaily AM, Black JA, Bos WJ, Chambers
JB, Chen CH, Cheng HM, Cremer A, Davies JE, Dwyer N, Gould BA, Hughes AD, Lacy PS,
Laugesen E, Liang F, Melamed R, Muecke S, Ohte N, Okada S, Omboni S, Ott C, Peng X,
Pereira T, Pucci G, Rajani R, Roberts-Thomson P, Rossen NB, Sueta D, Sinha MD, Schmieder
RE, Smulyan H, Srikanth VK, Stewart R, Stouffer GA, Takazawa K, Wang J, Westerhof BE,
Weber F, Weber T, Williams B, Yamada H, Yamamoto E, Sharman JE. Accuracy of cuff
measured blood pressure: compendium of three separate systematic reviews and individual
participant data meta-analyses. Journal of the American College of Cardiology. 2017.
70(5):572-586.

Link to online article: https://www.ncbi.nIm.nih.gov/pubmed/28750701
doi: 10.1016/j.jacc.2017.05.064

Accompanied by an editorial: “Evidence on Blood Pressure Measurement Methodology and

Clinical Implementation: Research Agenda for the 21st Century.” 13
Citations: 10

Altmetric score: 223 (https://jacc.altmetric.com/details/22322486#score). This score is in the

top 1% of all research publications tracked by Altmetric. Score accurate on 18 June 2018.
Presentations and awards:

Australian Society of Medical Research: Medical Research Week Postgraduate student oral
presentations Tasmania - 1% Prize out of 6 presentations and selected from >40 abstracts.

International Society of Hypertension congress oral presentation, Seoul, South Korea,
September 2016.

ARTERY 15 congress oral presentation, Krakow, Poland, October 2015.
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2.1 Abstract

Background: Hypertension (HTN) is the single greatest cardiovascular risk factor worldwide.
HTN management is usually guided by brachial cuff blood pressure (BP), but questions have

been raised regarding accuracy.

Objectives: We studied the accuracy of cuff BP and the consequent impact on BP classification

compared with intra-arterial BP reference standards.

Methods: Three individual participant data meta-analyses were conducted among studies (from
the 1950’s to 2016) that measured intra-arterial aortic BP, intra-arterial brachial BP, and cuff
BP.

Results: Seventy-four studies and 3,073 participants were included. Intra-arterial brachial
systolic BP (SBP) was higher than aortic values (8.0 mm Hg; 95% CI 5.9 to 10.1; p <0.0001)
and intra-arterial brachial diastolic BP was lower than aortic values (-1.0 mm Hg; 95% CI -2.0
to -0.1; p =0.038). Cuff BP underestimated intra-arterial brachial SBP (-5.7 mm Hg; 95% CI -
8.0 to -3.5; p <0.0001) but overestimated intra-arterial diastolic BP (5.5 mm Hg, 95% CI 3.5 to
7.5, p <0.0001). Cuff and intra-arterial aortic SBP showed a small mean difference (0.3 mm
Hg; 95% CI -1.5 to 2.1; p =0.77) but poor agreement (mean absolute difference 8.0 mm Hg,
95% C1 7.1 to 8.9). Concordance between BP classification using JNC7 cuff BP (normal, pre-
HTN, HTN stages 1 and 2) compared with intra-arterial brachial BP was 60%, 50%, 53% and
80%, and using intra-arterial aortic BP was 79%, 57%, 52% and 76%. Using revised intra-
arterial thresholds based on cuff BP percentile rank, concordance between BP classification
using cuff BP compared with intra-arterial brachial BP was 71%, 66%, 52% and 76%, and using
intra-arterial aortic BP was 74%, 61%, 56% and 65%.

Conclusions: Cuff BP has variable accuracy for measuring either brachial or aortic intra-
arterial BP, and this adversely influences correct BP classification. These findings indicate that

stronger accuracy standards for BP devices may improve cardiovascular risk management.
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2.2 Introduction

Cardiovascular disease is the number one cause of mortality worldwide, with elevated blood
pressure (BP) as the single largest risk factor.3 3 138 Non-invasive brachial (upper arm) cuff
BP is the principal method for hypertension diagnosis and management, thus, accurate BP
measurement is amongst the most important medical tests performed.” Relatively small errors
in cuff BP measurement can have major public health ramifications. An inaccuracy of 5 mm
Hg estimated to result in the misclassification of BP among 48 million people each year in the
United States alone (21 million related to BP underestimation, 27 million related to
overestimated BP).® BP underestimation leads to missed therapeutic potential and unnecessary
elevation of cardiovascular risk.'*” BP overestimation creates additional cost and exposure to
possible adverse effects of unnecessary treatment.® The recognition of prehypertension as a
nonbenign clinical presentation,* and the benefit to some patient populations of achieving low
BP targets® further emphasizes the need for accurate cuff BP across the range of BP

classifications.

Several lines of evidence place a question mark over the accuracy of cuff BP. First, many small
studies indicate a possible bias for cuff BP to underestimate intra-arterial brachial systolic BP
(SBP), yet overestimate intra-arterial brachial diastolic BP (DBP) and, thereby, underestimate
intra-arterial pulse pressure (PP).1% 1114 Second, cuff BP devices being tested for accuracy
against other noninvasive measurements according to international validation protocols may
perform to a “pass” standard even when clinically significant measurement errors occur among
many patients.**® Third, there is large individual variability in intra-arterial BP between the
aorta and brachial artery,** 22 ™* and whether oscillometric or auscultatory cuff BP accurately
measures either aortic or brachial BP has never been systematically determined. This is
important to resolve given 1) the possibility that aortic BP is more clinically relevant than
brachial BP, 22 % 97:139 and 2) the burgeoning of commercial devices purporting to measure
aortic BP# to (theoretically) better assess cardiovascular risk.”? However, this is a controversial
theory®® 140 with some investigators asserting that there is a lack of evidence to justify departing
from standard cuff BP.14% 141 Others suggest that brachial cuff BP may already accurately

measure aortic BP, eliminating the need for specialist devices.'? 1

These issues create uncertainty as to whether cuff BP accurately measures intra-arterial BP,
either at the brachial or aortic level. Better understanding of these issues is relevant to validation
protocol standards for cuff BP devices, and could lead to improved clinical management of
cardiovascular risk through more accurate BP measurement and classification. We completed

3 separate but inter-related systematic reviews and individual participant data meta-analyses to

29



determine the accuracy of cuff BP measurement methods. We first aimed to determine the true
level of intra-arterial BP agreement between the aorta and brachial artery (meta-analysis 1), and
then whether cuff BP accurately measured either intra-arterial brachial BP (meta-analysis 2) or
intra-arterial aortic BP (meta-analysis 3). Potential clinical consequences of cuff BP
measurement error were determined by the concordance between cuff and intra-arterial BP for
classifying HTN according to criteria of the Seventh Report of the Joint National Committee

on Prevention, Detection, Evaluation, and Treatment of High Blood Pressure (JNC 7). °

2.3 Methods

Search technique and study eligibility. The search technique, study eligibility criteria, data
collection, synthesis and statistical analysis were conducted similarly across each meta-
analysis, with minor differences reflecting the specific needs of each meta-analysis question.
The Preferred Reporting Items for Systematic Review and Meta-Analyses of individual
participant data (PRISMA-IPD) were adhered to (Appendix Table 1.1) #2. Two reviewers
(D.S.P, M.G.S) identified eligible studies by title, abstract or full-text review and performed a
separate data quality assessment. All these activities were undertaken with each reviewer

blinded to the other reviewer’s results. Discrepancies were resolved via consensus.

Four online databases (PubMed, Scopus, Embase and Web of Knowledge) were systematically
searched for eligible articles from database inception until 9 May 2016, with slight
modifications for each meta-analysis (Appendix Table 1.2). Additional studies were found by
searching the reference lists of identified studies and personal communication with authors.
Unpublished data was accepted if sufficient methodology was provided (Appendix 1.1). Study
eligibility was not restricted by subject age, language or year of publication. We included
studies that measured intra-arterial BP by high-fidelity micromanometer tip or fluid-filled
catheters, as well as indwelling arterial needles and cannulas. For each meta-analysis, studies
were only included if the BP measurements being compared were recorded within the
immediate period of each other, rather than at different times 43, due to possible hemodynamic
changes between measurement periods 12, Studies that measured BP at multiple arterial sites
(e.g. brachial and radial) in the same study were included if authors were able to provide
separated data. Studies that recorded data under non-basal conditions involving hemodynamic
shifts (e.g. exercise or administration of vasoactive drugs that altered BP during the recording
procedure) were excluded. There was some minor variability of the inclusion and exclusion
criteria that were specific to the goal of each meta-analysis. These included cuff BP methods
of auscultation (mercury or aneroid), and oscillometric and automatic Korotkoff sound devices

for meta-analyses 2 and 3. Studies were also excluded if the goal of the work was to determine
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the effect of different cuff sizes on the relationship between cuff BP and intra-arterial BP,
because of the expectation of cuff BP measurement error 144, For meta-analyses 1 and 3, studies
that measured aortic BP distal to the aortic arch were excluded because potential amplification
of SBP along the aorta *° could contribute to discordance of comparison between BP

measurements.

Data collection. For each eligible study, individual participant level de-identified BP data were
requested from authors. PP was calculated as SBP — DBP. Clinical information including age,
sex, anthropometry, medications, and disease status were also requested if available. Data in
non-international system of units format were standardised to international system of units,
except for pressure units. Individual data supplied by authors were checked for consistency
with published aggregate data where available. If discrepancies were identified, clarification
was sought from authors. If no response was received to data requests, or authors were not
contactable, individual data were extracted from within published tables (Appendix 1.2), or
from figure scatterplots using extraction software, when possible.}*® Data obtained from
scatterplots were only included in the meta-analyses when accuracy could be verified by
comparison with published summary data or correlation coefficients (Appendix Table 1.3). A
quality score was applied to each study to account for important study design attributes that
may have impacted on data quality (Appendix 1.3, Appendix Tables 1.4- 1.6). The University
of Tasmania Health and Medical Human Research Ethics Committee approved the study
(reference: H0015048).

Magnitude of BP differences. The proportion of cuff BP measurements that were >5, >10 or

>15 mm Hg different from intra-arterial BP were determined as a measure of accuracy.’

BP classification. To determine accuracy of cuff BP for BP classification, each individual’s
cuff BP was classified according to JNC 7 criteria (normal BP <120/80 mm Hg, preHTN SBP
120 to 139 or DBP 80 to 89 mm Hg, stage 1 HTN SBP 140 to 159 or DBP 90 to 99 mm Hg and
stage 2 HTN SBP >160 or DBP >100 mm Hg) °, and then compared for concordance with the
BP classification according to the measurement of BP by intra-arterial brachial and aortic BP.
For example, for an individual with cuff BP classified as normal (<120/80 mm Hg), the
corresponding intra-arterial BP for that individual was classified into the appropriate category
(e.g. normal, preHTN, stage 1 or 2 HTN), and found to be concordant if also falling into the
same normal BP classification (<120/80 mm Hg). This approach enabled an assessment of the
potential impact of cuff BP inaccuracy on clinical practice, but also involves a level of
arbitrariness with BP cut points because there is a continuous relationship between BP and

cardiovascular risk. Additional analyses were also undertaken in which the risk cut points for
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intra-arterial BP (both brachial and aortic) were drawn at equal percentile ranks to the
traditional cuff BP cut points. Sensitivity and specificity of cuff BP for delineating HTN at a

cut point of >140/90 mm Hg was also assessed.

Statistical analysis. BP and clinical characteristics are presented as mean and 95% confidence
interval (95% CI) unless otherwise specified. BP differences were calculated as brachial artery
BP minus aortic BP (meta-analysis 1) and cuff BP minus intra-arterial brachial or aortic BP
(meta-analysis 2 and 3). Both 1-stage and 2-stage meta-analysis was used. The results generated
from each method are considered equivalent in individual participant data meta-analysis 8.
Two-stage meta-analyses were used to analyse mean BP differences because this method
allowed production of summary forest plots to illustrate the level of the BP difference across
included studies. For this method, data were first analyzed study by study and then synthesized
using random effects meta-analysis due to the observational nature of the data. Correlation
coefficients from individual studies were used to calculate summary correlation coefficients on
the relationship between BP measurements in each meta-analysis. This same method was used
for sensitivity and specificity analyses for cuff BP delineating HTN based on the 140/90 mm
Hg cut point. Linear mixed modelling (1-stage meta-analysis) was used to account for
clustering of individuals within each study for mean absolute difference, BP classification
analysis, percentile calculation for the revised intra-arterial BP thresholds and potential
predictors of BP differences. Mean absolute difference was calculated as the absolute value of
the BP difference at the individual participant level. In meta-analysis 3, Laugesen et al. 18 and
Rossen et al. 1*° were pooled for analysis, because participants were from the same population

and the measurement protocols used were identical, except for the type of cuff BP device.

Sensitivity analyses were among studies that received the maximum study quality score to
assess whether results were influenced by study design factors and to separately assess
published data sources compared with unpublished data sources. To determine the influence on
results of meta-analyses 2 and 3, sensitivity analyses were conducted for single BP
measurements compared with the average of multiple cuff BP measures, as well as the type of
catheter used for intra-arterial BP measurement. Analyses on linearity of relationships between
cuff and intra-arterial BP were also explored. P values <0.05 were considered statistically
significant. Data were synthesized and analyzed using R, version 3.1.2, R Core Team (2014),
primarily using the metafor and Ime4 packages and Stata 14, StataCorp (2015; metandi
module). Additional statistical methods are in Appendix 1.4.
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2.4 Results

Eligible studies and subject characteristics. A total of 75,071 studies were identified from
the three meta-analysis searches. After review based on title and abstract, 371 studies were full-
text reviewed and 152 of these were eligible for inclusion in the meta-analyses. Individual
participant data were not available from 7, 49 and 23 studies for meta-analyses 1, 2 and 3
respectiVEly. ThIS Ieft 13 StUdieS,ll’ 14-16, 22, 71, 150-153 22 StUdieS,lo’ 11, 14, 16, 19, 68, 69, 152, 154-164 and
39 Studiesll, 12,14, 16, 69, 114, 118, 149, 152, 165-189 fOI' SBP analySiS, WhereaS 12 StUdieS,ll’ 15, 16, 22, 71, 150-
153 18 StUdieS,lo’ 11, 16, 19, 68, 69, 152, 155-162 and 36 Studiesll, 16, 69, 114, 118, 149, 152, 165-179, 181-189 were
available for analysis relating to DBP and PP. Systematic review flow diagrams and study
characteristics for all meta-analyses are detailed in Appendix Figures 1.1-1.6 and Appendix
Tables 1.7-1.12). Data were extracted from published tables in 11 studies, and from published
figures in 6 studies. Data was sourced from 18 countries (Australia, New Zealand, China, Japan,
Singapore, United States, Canada, England, Scotland, France, Germany, lItaly, Austria,
Portugal, The Netherlands, Denmark, Norway and Israel). Across the three meta-analyses,
subjects were generally middle-older aged, predominately male and overweight according to
body mass index (Tables 2.1-2.3). When individual participant data were checked as per
guidelines,*? no important issues, such as inconsistency with published aggregate data arose.
There were minor differences between the number of subjects in some published articles and

the number of subjects used in the meta-analyses (see explanation in Appendix 1.5).
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Table 2.1 Subject characteristics from meta-analysis 1.
Mean (95% CI) or n (%) n=individual subjects, S=studies

Age (years) 58.6 (53.7 t0 63.6) n=487, S=12
Male sex 353 (72) n=490, S=12
Height (cm) 165.5 (162.5t0 168.6)  n=382, S=7
Weight (kg) 70.9 (67.6 to 74.3) n=382, S=7
Body mass index (kg/m?) 26.0 (24.9 t0 26.7) n=382, S=7

Intra-arterial aortic systolic blood | 131.8 (126.4 to 137.0)  n=515, S=13
pressure (mm Hg)

Intra-arterial brachial systolic blood | 140.3 (135.7 to 144.7)  n=515, S=13

pressure (mm HQ)

Intra-arterial aortic diastolic blood | 70.9 (68.6 to 73.1) n=495, S=12

pressure (mm HQ)

Intra-arterial ~ brachial  diastolic | 69.9 (67.2 to 72.5) n=495, S=12
blood pressure (mm Hg)

Intra-arterial aortic pulse pressure | 60.3 (55.3 to 65.2) n=495, S=12
(mm Hg)
Intra-arterial brachial pulse pressure | 70.3 (65.9 to 74.6) n=495, S=12
(mm Hg)

Data are mean (95% confidence interval (CI)) or n (percentage). Subject characteristics were not
available for all studies, and the numbers available are reported in the right hand column of the
table. The maximum data available was n=515 from 13 studies. Subject characteristic data was
derived from individual data, and when this was unavailable, aggregate data extracted from

published studies.
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Table 2.2 Subject characteristics from meta-analysis 2.

Mean (95% CI) or n (%) n=individual  participants,
S=studies

Age (years) 53.0 (42.7 to 63.4) n=538, S=13
Male sex 261 (62%) n=418, S=11
Height (cm) 164.0 (162.0 to 166.1) n=494, S=10
Weight (kg) 73.8 (68.7 to 79.0) n=494, S=10
Body mass index (kg/m?) 27.3 (26.3 t0 28.4) n=494, S=10
Brachial cuff systolic blood | 141.5 (133.4 to 149.3) n=735, S=22
pressure (mm Hg)
Intra-arterial brachial 147.5 (139.4 to 155.5) n=735, S=22
systolic blood pressure (mm
Hg)
Brachial cuff diastolic 78.8 (73.8 t0 83.6) n=668, S=18
blood pressure (mm HQ)
Intra-arterial brachial 73.6 (69.6 to 77.6) n=668, S=18
diastolic blood pressure
(mm Hg)
Brachial cuff pulse pressure | 62.8 (57.3 to 68.1) n=668, S=18
(mm Hg)
Intra-arterial brachial pulse | 74.6 (70.0 to 79.2) n=668, S=18

pressure (mm HQ)

Data are mean (95% confidence interval (Cl)) or n (percentage). Subject characteristics were

not available for all studies, and the numbers available are reported in the right hand column

of the table. The maximum data available was n=735 from 22 studies. Subject characteristic

data was derived from individual data, and when this was unavailable, aggregate data

extracted from published studies.
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Table 2.3 Subject characteristics from meta-analysis 3.

n=1823 subjects Mean (95% CI1) or n (%) n=individual  subjects,
S=studies

Age (years) 60.4 (57.2-63.5) n=1640, S=35

Male sex 1222 (70) n=1751, S=35

Height (cm) 166.5 (164.7-168.4) n=1447, S=26

Weight (kg) 76.9 (72.8-81.0) n=1447, S=26

Body mass index (kg/m?) 27.1(26.2-28.1) n=1447, S=26

Brachial cuff systolic blood pressure | 135.3 (132.2-138.4) n=1823, S=39

(mm Hg)

Intra-arterial aortic systolic blood 135.1 (132.0-138.2) n=1823, S=39

pressure (mm HQ)

Brachial cuff diastolic blood 76.4 (74.2-78.5) n=1676, S=36

pressure (mm Hg)

Intra-arterial aortic diastolic blood 70.9 (69.3-72.4) n=1676, S=36

pressure (mm HQ)

Brachial cuff pulse pressure (mm 58.5 (55.8-61.1) n=1676, S=36

Hg)

Intra-arterial aortic pulse pressure 63.8 (61.3-66.3) n=1676, S=36

(mm Hg)

Data are mean (95% confidence interval (Cl)) or n (percentage). Subject characteristics were

not available for all studies, and the numbers available are reported in the right hand column

of the table. The maximum data available was n=1823 from 39 studies. Subject characteristic

data was derived from individual data, and when this was unavailable, aggregate data

extracted from published studies.
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Meta-analyses on BP differences.

In meta-analysis 1 brachial artery SBP was significantly higher than aortic SBP and PP
(p<0.0001; Figures 2.1- 2.2). On the other hand, brachial DBP was marginally, but significantly
lower than aortic DBP (p=0.038; Figure 2.3). The range of differences for SBP, DBP and PP
was large (-9 to 62 mm Hg, -22 to 25 mm Hg and -17 to 62 mm Hg respectively, Figure 2.4).
The pooled correlation coefficients showed strong associations between intra-arterial brachial
and aortic SBP (r=0.95, 95% CI 0.93 to 0.97), DBP (r=0.94, 95% CI 0.93 to 0.96) and PP
(r=0.92, 95% CI 0.89 to 0.94, p<0.0001 all, Figure 2.5).

In meta-analysis 2, brachial cuff BP methods significantly underestimated intra-arterial brachial
SBP and PP, but significantly overestimated intra-arterial brachial DBP (p<0.0001 all, Figure
2.6 - Figure 2.8). The mean absolute difference for SBP was 7.9 mm Hg, 95% confidence
interval (95% CI) 6.5 to 9.5. Intra-arterial brachial SBP was underestimated among studies that
used either oscillometric or mercury sphygmomanometric techniques, albeit only of borderline
significance for the latter (Table 2.4). However, both oscillometric and mercury
sphygmomanometric cuff methods significantly overestimated intra-arterial brachial DBP and,
therefore, also significantly underestimated intra-arterial brachial PP. Strong correlations were
observed between brachial cuff and intra-arterial brachial SBP (r=0.93, 95% CI 0.91 to 0.95),
DBP (r=0.83, 95% CI 0.78 to 0.88) and PP (r=0.87, 95% CI 0.82 to 0.91, p<0.0001 all, Figure
2.9)
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Mean difference

Author(s) and Year Patients [95% CI]

Cheng et al, 2010 100 HillH 8.3[7.0, 9.5]
Cheng et al, unpublished 15 e 6.4[1.8,11.0]
Davies et al, 2010 12 |—.—-—4 2.8[-0.7, 6.3]
Ding et al, 2013 33 —— 17.9[13.3, 22.5]
Gould and Shariff, 1969 23 i —m— 36[1.2, 5.9]
Kavanagh-Gray et al, 1964 49 ——s— 20.4 [16.2, 24.6]
Kelly et al, 1990 14 |—-—| 5.0[0.6, 94]
Kobayashi et al, 2013 20 I—'—I—| 1.6 [-0.7, 4.0]
Liang et al, 2015 40 : i 6.8[5.3, 8.3]
Lin et al, 2012 78 : HEH 55[4.3, 6.7]
Picone et al, unpublished 52 - 10.0[ 7.3, 12.6]
Pucci et al, unpublished 29 —a— 7.9[3.9, 11.8]
Westerhof et al, 2008 50 —a— 11.3[8.8, 13.8]
Mean difference model for all studies - 8.0[5.9, 10.1]

Aortic SBP higher : Brachial SBP higher
I I T T |
-10.0 0.0 10.0 20.0 30.0

Mean difference between intra-arterial acrtic and intra-arterial brachial SBP (mm Hg)

Figure 2.1 Forest plot of intra-arterial aortic and brachial systolic blood pressure difference.

Pooled mean difference and 95% confidence interval for meta-analysis 1, the comparison of intra-arterial aortic and brachial systolic blood pressure.
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Mean difference

Author(s) and Year Patients [95% CI]
Cheng et al, 2010 100 HElH 6.8[5.6, 7.9]
Cheng et al, unpublished 15 —_— 6.2[1.6, 10.8]
Davies et al, 2010 12 |—-—| 4.1[0.0, 8.1]
Ding et al, 2013 33 —— 17.8 [14.6, 21.0]
Gould and Shariff, 1969 23 1—-—| 3.2[0.1, 6.4]
Kavanagh-Gray et al, 1964 49 E—— 21.4[17.1, 25.6]
Kelly et al, 1990 14 P 7.3[3.1,11.5]
Liang et al, 2015 40 —— 7.4[5.3, 9.5]
Lin et al, 2012 78 il 58[4.4, 7.2
Picone et al, unpublished 52 —— 12.4[ 9.6, 15.2]
Pucci et al, unpublished 29 —.—| 11.8[ 8.0, 15.6]
Westerhof et al, 2008 50 —— 13.8[11.3, 16.2]
Mean difference model for all studies _ 9.7[7.2,12.3]

Aortic PP higher ' Brachial PP higher
[ | I I 1
-10.0 0.0 10.0 20.0 30.0

Mean difference between intra-arterial aortic and intra-arterial brachial PP {mm Hg)

Figure 2.2 Forest plot of intra-arterial aortic and brachial pulse pressure difference.
Pooled mean difference and 95% confidence interval for meta-analysis 1, the comparison of intra-arterial aortic and brachial pulse pressure.
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Mean difference

Author(s) and Year Patients [95% CI]
Cheng et al, 2010 100 . 15[0.7, 2.3]
Cheng et al, unpublished 15 I—I—! 0.2[-1.4, 1.8]
Davies et al, 2010 12 |—-——| -1.3[-3.7, 1.2]
Ding et al, 2013 33 |—-—| 0.1[-2.2, 2.4]
Gould and Shariff, 1969 23 ——f——— 0.3[-2.7, 3.4]
Kavanagh-Gray et al, 1964 49 |—|——-| -0.9[-2.2, 0.4]
Kelly et al, 1990 14 — 23[-4.6, 0.0]
Liang et al, 2015 40 - -0.6 [-2.0, 0.8]
Lin et al, 2012 78 i~ -0.3[-0.8, 0.3]
Picone et al, unpublished 52 il -2.4 [-3.3, -1.5]
Pucci et al, unpublished 29 —— -3.9[-5.3, -2.5]
Westerhof et al, 2008 50 - 2.4[-33,-15]
Mean difference model for all studies 4‘- -1.0 [-2.0, -0.1]

Aortic DBP higher ! Brachial DBP higher

| | | | |
-6.0 -3.0 00 30 6.0

Mean difference between intra-arterial aortic and intra-arterial brachial DBP (mm Hg)

Figure 2.3 Forest plot of intra-arterial aortic and brachial diastolic blood pressure difference.
Pooled mean difference and 95% confidence interval for meta-analysis 1, the comparison of intra-arterial aortic and brachial diastolic blood pressure.
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Figure 2.4 Agreement plots for blood pressure results in meta-analysis 1.

The mean of intra-arterial brachial and aortic BP is presented on the x-axis and the mean
difference between intra-arterial brachial minus intra-arterial aortic blood pressure (BP) is on

the y-axis. Systolic BP (SBP), diastolic BP (DBP) and pulse pressure are presented in panels A-
C respectively.
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Figure 2.5 Association between intra-arterial aortic and brachial blood pressure.

Systolic BP (SBP), diastolic BP (DBP) and pulse pressure (panels A-C respectively) for
meta-analysis 1. The differently coloured circles each represent a separate study from the
meta-analysis. The solid line in each plot represents the regression line for the pooled
associations and the dotted line is the line of identity.
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Mean difference

Author(s) and Year Patients [95% CI]
Berliner et al, 1961 100 i 43[ 1.0, 7.6]
Blank et al, 1988 11 —— § -14.3[-21.5, -7.1]
Bos et al, 1992 57 1IN -3.3[-5.0, -1.6]
Cheng et al, 2010 100 HH -541[-7.0, -3.7]
Cheng et al, unpublished 14 —.— -9.4[-16.5, -2.3]
Ding et al, 2013 33 - -18.7 [-22.7, -14.7]
Freis et al, 1968 6 HElH -0.1[-1.9, 1.7]
Gelman et al, 1981 5 = - : -14.6 [-23.7, -5.5]
Gould et al, 1984 28 — -4.3[-8.0, -0.7]
Hayashi et al, 2014 55 HIH -1.6[-3.2, -0.1]
Hunyor et al, 1978 9 HlH -9.9[-12.0, -7.7]
Kobayashi et al, 2013 20 —— -8.2[-12.0, -4.3]
Lin et al, 2012 78 il -4.3[-6.8, -1.8]
Melamed et al, 2012 3 : e -4.3[-13.4, 4.7]
Muecke et al, 2009 2 : — -5.1[-15.0, 4.8]
Omboni et al, 1997 12 i -4.7[-7.8, -1.7]
Picone et al, unpublished 40 - : -11.5[-14.9, -8.1]
Pucci et al, unpublished 29 . -10.5 [-15.0, -6.0]
Raftery and Ward, 1968 50 = -4.8[-8.3, -1.3]
Roberts et al, 1953 47 —a— : -12.3[-16.6, -7.9]
Sagiv et al, 1999 12 R 6.9[ 3.8, 10.1]
Vardan et al, 1983 24 i—I—i 20[-3.4, 7.4]
Mean difference model for all studies <@ -5.7[-8.0, -3.5]

Invasive brachial SBP higher :  Brachial cuff SBP higher
| | | | |

-200 -10.0 0.0 10.0 20.0

Mean difference between brachial cuff and invasive brachial SBP

Figure 2.6 Forest plot of brachial cuff and intra-arterial brachial systolic blood pressure

difference.

Pooled mean difference and 95% confidence interval for meta-analysis 2, the comparison of
brachial cuff and intra-arterial brachial systolic blood pressure.
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Mean difference

Author(s) and Year Patients [95% CI]

Berliner et al, 1961 100 HEH 6.6 4.4, 8.7]
Bos et al, 1992 57 HEH 19 0.3, 3.5]
Cheng et al, 2010 100 L 5.8[ 4.4, 7.2]
Cheng et al, unpublished 14 —— 54[ 0.4,10.5]
Ding et al, 2013 33 - -1.3[-3.8, 1.2]
Freis et al, 1968 6 HElH 8.7 7.1,10.4]
Gelman et al, 1981 5 N 1.0[-5.9, 7.9]
Gould et al, 1984 28 B 10.4[ 6.9, 13.8]
Hayashi et al, 2014 55 L HEH 50[ 2.8, 7.3]
Hunyor et al, 1978 9 —— 8.0[ 4.0,12.0]
Lin et al, 2012 78 L HEH 7.0[ 4.7, 9.2]
Melamed et al, 2012 3 f : 1.3[-11.8, 14 4]
Muecke et al, 2009 2 e 9.6[ 1.6,17.7]
Omboni et al, 1997 12 : il 15.4[12.9,17.8]
Picone et al, unpublished 40 HlH 6.9[ 54, 84]
Pucci et al, unpublished 29 HEH 1.1[-1.1, 3.3]
Raftery and Ward, 1968 50 s 6.1[ 3.4, 8.9]
Roberts et al, 1953 47 il -2.8[-5.9, 0.3]
Mean difference model for all studies > 55[ 3.5, 7.5]

Invasive brachial DBP higher Brachial cuff DBP higher

[ I [ I |
-200 -10.0 0.0 10.0 20.0

Mean difference between brachial cuff and invasive brachial DBP

Figure 2.7 Forest plot of brachial cuff and intra-arterial brachial diastolic blood pressure

difference.

Pooled mean difference and 95% confidence interval for meta-analysis 2, the comparison of
brachial cuff and intra-arterial brachial diastolic blood pressure.
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Mean difference

Author(s) and Year Patients [95% CIl]

Berliner et al, 1961 100 Iy 2.2[-5.0, 0.5]
Bos et al, 1992 57 T -5.2[-7.3, -3.1]
Cheng et al, 2010 100 (] -11.1[-13.0, -9.3]
Cheng et al, unpublished 14 — . -14.8 [-22.2, -7 .4]
Ding et al, 2013 33 HElH -17.4 [-20.6, -14.2]
Freis et al, 1968 6 - -89[-11.1, -6.7]
Gelman et al, 1981 5 b = -15.6 [-29.4, -1.8]
Gould et al, 1984 28 il : -14.7 [-18.1, -11.3]
Hayashi et al, 2014 55 HH 6.7 [-9.4, -3.9]
Hunyor et al, 1978 9 il -17.9 [-21.3, -14.5]
Lin et al, 2012 78 HEH ; -11.3 [-14.0, -8.6]
Melamed et al, 2012 3 : i -5.7[-27.1, 15.8]
Muecke et al, 2009 2 o -14.7 [-32.7, 3.2]
Omboni et al, 1997 12 HEH -20.1 [-22.8, -17.3]
Picone et al, unpublished 40 HlH : -18.4 [-21.4, -15.4]
Pucci et al, unpublished 29 —— -11.6 [-16.5, -6.7]
Raftery and Ward, 1968 50 S R -10.9 [-14.6, -7.2]
Roberts et al, 1953 47 i -9.5[-14.5, -4 .4]
Mean difference model for all studies < -12.0 [-14.7, -9.3]

Invasive brachial PP higher Brachial cuff PP higher

| | 1 | T |
-30.0 -10.0 10.0

Mean difference between brachial cuff and invasive brachial PP

Figure 2.8 Forest plot of brachial cuff and intra-arterial brachial pulse pressure

difference.

Pooled mean difference and 95% confidence interval for meta-analysis 2, the comparison of

brachial cuff and intra-arterial brachial pulse pressure.
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Table 2.4. Sub-analysis comparing oscillometric versus mercury sphygmomanometry for accuracy compared to intra-arterial
brachial BP.

) Mean absolute Range of
Mean difference _ _ 12
difference difference
) ) ] Brachial cuff — intra-arterial brachial
Oscillometric devices ) -8.0(-11.1t0-4.8)* 8.1(5.8t010.8) -67 to 36 89.4*
SBP, mm Hg (n=374, 10 studies)
Brachial cuff — intra-arterial brachial
_ 45 (2.410 6.6)* 6.1 (5.3t07.0) -32t0 41 83.2*
DBP, mm Hg (n=354, 9 studies)
Brachial cuff — intra-arterial brachial
) -12.8 (-15.9t0-9.7)* 12.4(10.3to 14.6) -471to 38 82.2*
PP, mm Hg (n=354, 9 studies)
Mercury Brachial cuff — intra-arterial brachial
) -3.4 (-6.9to -0.2)" 7.5 (5.7 t0 9.6) -46 to 62 93.1*
sphygmomanometry | SBP, mm Hg (n=356, 11 studies)
Brachial cuff — intra-arterial brachial
_ 6.3 (2.8109.8)* 8.4 (6.510 10.5) -36t0 43 94.0*
DBP, mm Hg (n=309, 8 studies)
Brachial cuff — intra-arterial brachial
) -11.4 (-15.7to -7.1)* 11.8(9.1to 14.7) -52 to 34 94.0*
PP, mm Hg (n=309, 8 studies)

SBP, systolic blood pressure, DBP, diastolic BP, PP, pulse pressure. Data are mean (95% confidence intervals), range (minimum —
maximum) or 12 statistic. *p<0.0001, ~p=0.0637. Gelman et al**® (n=5) not included in this analysis because it was not clear the specific

type of cuff BP device used in that study.
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Figure 2.9 Association between brachial cuff and intra-arterial brachial blood pressure.

Scatter plots for brachial cuff and intra-arterial brachial systolic blood pressure (SBP),
diastolic BP (DBP) and pulse pressure (panels A-C respectively) for meta-analysis 2. The
differently coloured circles each represent a separate study from the meta-analysis. The solid
line in each plot represents the regression line for the pooled associations and the dotted line

is the line of identity.
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In meta-analysis 3, there was no significant difference between brachial cuff and intra-arterial
aortic SBP (Figure 2.11, p=0.77), however, this was due to a relative balance in the number of
studies reporting either significant overestimation (7 studies) or significant underestimation (7
studies) of intra-arterial aortic SBP by cuff SBP. Indeed, the mean absolute difference was 8.0
mm Hg (95% CI) 7.1 to 8.9. Brachial cuff methods significantly overestimated intra-arterial
aortic DBP and, thus, significantly underestimated intra-arterial aortic PP (Figures 2.11- Figure
2.12, p<0.0001 both). Oscillometric and mercury sphygmomanometric cuff methods were not
analysed separately like meta-analysis 2, because the mercury method was only used in 2
studies, totalling 21 individuals. There were strong relationships between brachial cuff and
intra-arterial aortic SBP based on the pooled correlation coefficients (r=0.90, 95% CI 0.88 to
0.92), DBP (r=0.79, 95% CI 0.76 to 0.84) and PP (r=0.84, 95% CI 0.81 to 0.87, p<0.0001 all,
Figure 2.13). In all three meta-analyses there was significant heterogeneity between studies for
the SBP, DBP and PP analyses (12>86%, p<0.0001 all).

BP classification based on brachial cuff BP compared with intra-arterial BP. Among
individuals with BP classified as either preHTN or stage 1 HTN, only 50 to 60% of brachial
cuff BP measures were concordant with intra-arterial BP measures. Underestimation of BP
classification was the predominant issue for brachial cuff comparisons with intra-arterial
brachial BP, whereas intra-arterial aortic BP classifications were similarly overestimated and
underestimated. On the other hand, there was reasonable concordance between brachial cuff
BP and intra-arterial BP (brachial or aortic) values measured among individuals with stage 2
HTN (>160/100 mm Hg) according to intra-arterial BP. There was also reasonable concordance
between cuff BP and intra-arterial aortic BP for BP classification in the normal range (<120/80
mm Hg, Table 2.5). There were similar findings when BP classification was only based on SBP
thresholds (Appendix Table 1.13).
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Mean difference

Author(s) and Year Patients [95% CI]
Aakhus et al, 1993 28 HH -25([-4.9, -0.0]
Bhatt et al, 2011 98 HH 7.4[-99, -4 9]
Borow et al, 1982 30 HH 0.7[-1.1, 2.5]
Bos et al, 1992 19 . 0.6[-2.4, 3.7]
Broyd et al, unpublished 25 ] : -12.0 [-18.0, -6.1]
Cheng et al, 2010 100 ‘HH 29[ 1.0, 48]
Cheng et al, unpublished 17 —a— -3.9[-9.5, 1.7]
Costello et al, 2015 40 o o -0.8[-4.1, 2.5]
Cremer et al, 2012 144 - -6.5[-8.9, -4 1]
Davies et al, 2003 28 f—— 3.4[-05, 7.3]
Ding et al, 2013 33 . -0.8[-4.0, 2.4]
Kobayashi et al, 2013 20 —=— -4.8[-8.8, -0.8]
Korolkova et al, unpublished 14 p——e— 9.5[-0.6, 19.5]
Laugesen/Rossen et al, 2014 37 = = 3.8[ 1.0, 6.6]
Lin AC et al, 2012 35 - 1.8[-2.6, 6.1]
Lin MM et al, 2012 78 b 1.3[-14, 40]
Lowe et al, 2009 37 —a— -0.7[-5.1, 3.7]
Milne et al, 2015 [¢] e 6.8 [ -0.5, 14 1]
Nagle et al, 1966 2 — -3.4[-8.7, 1.9
Nakagomi et al, 2016 139 - -48[-7.3, -2 4]
Ohte et al, 2007 82 [ -1.8[-4.3, 0.8]
Ott et al, 2012 52 —a— 10.9[ 6.5, 15.3]
Park et al, 2014 6 P -0.0[-7.5, 7.5]
Pereira et al, 2014 15 = ul 8.6 6.4, 10.8]
Picone et al, unpublished 146 HH 3.1[ 1.6, 4.6]
Pucci et al, 2013 58 - 1.7[-1.0, 4.4]
Pucci et al, unpublished 29 . -2.7[-6.2, 0.9]
Rajani et al, 2008 14 - 2.3[-24, 6.9
Saul et al, 1995 97 - 1.0[-1.3, 3.2]
Smulyan et al, 2003 25 : ] 18.4 [ 13.0, 23.8]
Smulyan et al, 2008 100 . -0.8[-3.0, 1.4]
Smulyan et al, 2010 25 —a— 0.2[-4.5, 4.9]
Sueta et al, 2015 85 HH -13.4 [-15.5, -11.4]
Takazawa et al, 2007 18 F—=— 41[-0.8, 9.0]
Takazawa et al, 2012 52 = 1.4[-1.7, 4.5]
Weber et al, 1999 36 [T 1.6[-1.4, 4.6]
Weber et al, 2011 30 .- -8.8[-12.5, -5.1]
Williams et al, 2011 20 P HH 75[ 5.2, 9.8]
Mean difference model for all studies 0 0.3[-1.5, 2.1]

Invasive aortic SBP higher Brachial cuff SBP higher

I | f | T |
-20.0 -10.0 0.0 100 20.0 30.0

Mean difference between brachial cuff and invasive aortic SBP

Figure 2.10 Forest plot of brachial cuff and intra-arterial aortic systolic blood pressure
difference.

Pooled mean difference and 95% confidence interval for meta-analysis 3, the comparison of

brachial cuff and intra-arterial aortic systolic blood pressure.
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Mean difference

Author(s) and Year Patients [95% CI]
Aakhus et al, 1993 144 HH 7.8] 6.0, 9.5]
Bhatt et al, 2011 52 HH 52 3.7, 6.7]
Borow et al, 1982 2 | 1.8[ 0.7, 2.9]
Bos et al, 1992 97 HH 5.8 3.7, 7.9]
Broyd et al, unpublished 33 CHH 43[ 2.2, 6.5]
Cheng et al, 2010 30 P OHM 7.3[ 5.6, 9.0]
Cheng et al, unpublished 100 e 56[ 1.1,10.1]
Costello et al, 2015 85 HEH 10.2[ 7.4,13.0]
Cremer et al, 2012 146 : HH 8.2[ 6.5, 9.9
Ding et al, 2013 78 HEH -1.2[-3.6, 1.3]
Korolkova et al, unpublished 17 ; = 17.8 [ 14.9, 20.8]
Laugesen/Rossen et al, 2014 35 ; HH 13.1[10.9, 15.2]
Lin AC et al, 2012 36 S 41115, 6.7]
Lin MM et al, 2012 28 ©HH 6.7[ 4.4, 9.0]
Lowe et al, 2009 30 | HH 3.8[ 1.5, 6.2]
Milne et al, 2015 52 —e— -10.9[-18.3, -3.5]
Nagle et al, 1966 15 f : i -1.4 [-15.9, 13.1]
Nakagomi et al, 2016 28 ; HH 12.8 [ 11.3, 14.4]
Ohte et al, 2007 25 ©HH 45][ 2.5, 6.5]
Ott et al, 2012 20 HH -06[-2.7, 1.4]
Park et al, 2014 14 COHH 7.3[ 5.3, 9.3]
Pereira et al, 2014 14 - 2.5[-0.1, 5.2]
Picone et al, unpublished 25 . [ ] 85[ 7.7, 9.3]
Pucci et al, 2013 37 P HH 48[ 2.8, 6.9]
Pucci et al, unpublished 58 HEH: -2.8[-5.1,-0.6]
Rajani et al, 2008 82 = 50[ 02, 9.7]
Smulyan et al, 2003 98 ' —a— 13.1[ 7.5, 18.8]
Smulyan et al, 2008 25 ‘N 2.0[ 0.6, 3.9]
Smulyan et al, 2010 100 - 1.8[-1.6, 5.2]
Sueta et al, 2015 9 HH -04[-19, 1.1]
Takazawa et al, 2007 29 : = ! 10.8[ 7.9, 13.8]
Takazawa et al, 2012 18 [ 1.3[-1.6, 4.3]
Weber et al, 1999 6 : HE 55[ 3.9, 71]
Weber et al, 2011 20 b 6.7[ 4.1, 9.3]
Williams et al, 2011 40 : HH 13.5[11.9, 156.1]
Mean difference model for all studies <> 5.5 4.0, 7.1]

Invasive aortic DBP higher Brachial cuff DBP higher

| | 1 T 1
-20.0 -10.0 00 10.0 20.0

Mean difference between brachial cuff and invasive aortic DBP

Figure 2.11 Forest plot of brachial cuff and intra-arterial aortic diastolic blood pressure
difference.

Pooled mean difference and 95% confidence interval for meta-analysis 3, the comparison of

brachial cuff and intra-arterial aortic diastolic blood pressure.
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Mean difference

Author(s) and Year Patients [95% CI]
Aakhus et al, 1993 28 HEH ; -10.3[-12.7, -7.9]
Bhatt et al, 2011 98 HEH : -12.6 [-14.8, -10.4]
Borow et al, 1982 30 HIH -1.0[-2.9, 0.9]
Bos et al, 1992 19 HEH 5.2[-7.7, -2.7]
Broyd et al, unpublished 25 —a— : -16.4 [-22.3, -10.4]
Cheng et al, 2010 100 HH -44[-6.4, -2.3]
Cheng et al, unpublished 17 —a— -9.5[-15.5, -3.4]
Costello et al, 2015 40 —a— ; -11.0 [-15.1, -6.8]
Cremer et al, 2012 142 - 5 -14.8 [-17.5, -12.0]
Ding et al, 2013 33 HEH 04[-2.2, 2.9]
Korolkova et al, unpublished 14 |—-—1 -8.4 [-16.8, 0.1]
Laugesen/Rossen et al, 2014 37 = -9.3[-12.7, -5.8]
Lin AC et al, 2012 35 ] -2.3[-8.2, 3.59]
Lin MM et al, 2012 78 - -54[-8.2, -2.7]
Lowe et al, 2009 37 —a—y -4.5[-10.2, 1.1]
Milne et al, 2015 9 : —-— 17.7[13.4, 21.9]
Nagle et al, 1966 2 ] -20[-11.2, 7.2]
Nakagomi et al, 2016 139 HH ; -17.7 [-20.0, -15.3]
Ohte et al, 2007 82 = =l -6.3[-8.8, -3.7]
Ott et al, 2012 52 : —a—] 11.5[ 7.1, 16.0]
Park et al, 2014 6 —— -7.3[-15.6, 1.0]
Pereira et al, 2014 15 Do 6.1[ 3.4, 8.7]
Picone et al, unpublished 146 . -54[-6.8, -3.9]
Pucci et al, 2013 58 HEH: -3.1[-5.6, -0.6]
Pucci et al, unpublished 29 - 0.2[-3.5, 3.9]
Rajani et al, 2008 14 —a— 2.7[-7.7, 23]
Smulyan et al, 2003 25 —— 53[-1.4, 12.0]
Smulyan et al, 2008 100 HH; -2.8[-5.0, -0.6]
Smulyan et al, 2010 25 —a— -1.6[-6.0, 2.8]
Sueta et al, 2015 85 HIH 5 -13.0 [-15.0, -11.1]
Takazawa et al, 2007 18 —a—: -6.8 [-12.5, -1.1]
Takazawa et al, 2012 52 —m— 0.1[-4.0, 4.2]
Weber et al, 1999 36 —-— -3.9[-7.8, -0.0]
Weber et al, 2011 30 +—=— : -15.5[-20.3, -10.6]
Williams et al, 2011 20 HEH -6.0[-8.3, -3.7]
Mean difference model for all studies QY -4.8[-7.1, -2.6]

Invasive aortic PP higher : Brachial cuff PP higher

| | | | |
-200 -10.0 0.0 10.0 20.0

Mean difference between brachial cuff and invasive aortic PP

Figure 2.12 Forest plot of brachial cuff and intra-arterial aortic pulse pressure difference.
Pooled mean difference and 95% confidence interval for meta-analysis 3, the comparison of

brachial cuff and intra-arterial aortic pulse pressure.
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Figure 2.13 Association between brachial cuff and intra-arterial aortic blood pressure.
Scatter plots for brachial cuff and intra-arterial aortic systolic blood pressure (SBP), diastolic
BP (DBP) and pulse pressure (panels A-C respectively) for meta-analysis 3. The differently

coloured circles each represent a separate study from the meta-analysis. The solid line in each

plot represents the regression line for the pooled associations and the dotted line is the line of
identity.

52



Table 2.5 Concordance of blood pressure classification using guideline based thresholds.Number of subjects and percentage concordance between
brachial cuff and intra-arterial brachial (panel A) and aortic (panel B) systolic and diastolic BP for classification of BP control.

A

n=668

Cuff blood pressure

Intra-arterial brachial blood pressure

Normal Prehypertension Stage 1 hypertension Stage 2 hypertension
SBP <120 and DBP<80 SBP 120-139 and/or DBP 80 — SBP 140-159 and/or DBP SBP>160 or DBP>100
89 90-99

Normal
<120 and DBP<80

Prehypertension

SBP

SBP 120-139 and/or DBP 80 — 89

Stage 1 hypertension

SBP 140-159 and/or DBP 90 — 99

Stage 2 hypertension
SBP>160 or DBP>100

41 (35) 4 (4) 1(1)

Prehypertension and stage 1

hypertension combined
120-159 and/or DBP 80 — 99

B
N=1676

Cuff blood pressure

SBP

71 (36) 7 (5)
1(2) 20 (13) 43 (32)
0 (0) 1(1) 31(19)

23(6) 50 (16)

Intra-arterial aortic blood pressure

Normal Prehypertension Stage 1 hypertension Stage 2 hypertension
SBP <120 and DBP<80 SBP 120-139 and/or DBP 80 — SBP 140-159 and/or DBP SBP>160 or DBP>100
89 90-99

Normal
SBP <120 and DBP<80
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Prehypertension

SBP 120-139 and/or DBP 80 — 89
Stage 1 hypertension

SBP 140-159 and/or DBP 90 — 99
Stage 2 hypertension

SBP >160 or DBP >100

Prehypertension and stage 1
hypertension combined

SBP 120-159 and/or DBP 80 — 99

112 (19) 130 (22) 13 (2)
16 (4) 103 (24) 94 (20)
0 (0) 7(3) 48 (21)

128 (12) 107 (10)

Data are presented as n (%) and each row adds to 100%. Linear mixed modelling was used to account for clustering of subjects within studies. Brachial
cuff BP measurements were classified based on JNC 7 guidelines, and compared for concordance by applying the same cut points to the intra-arterial
brachial (panel A) and aortic (panel B) systolic and diastolic BP. The proportion of intra-arterial brachial or aortic measurements concordant with brachial
cuff BP is reported as a percentage. A value of 100% within the shaded boxes is equal to complete concordance of BP classification. Prehypertension
and stage 1 hypertension were merged as a combined category to explore the possible clinical implication of cuff BP accuracy at this BP level.
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When revised percentile rank intra-arterial BP thresholds were used, there was an improvement
in concordance compared with the traditional threshold analysis in some BP categories (for
example, in meta-analysis 2, normal and preHTN categories changed from 60% to 71% and
from 50% to 66%). However, concordance remained similar or was reduced among other
categories (Table 2.6). The revised thresholds shifted the systematic underestimation of risk
using cuff BP compared with intra-arterial brachial BP among the categories of preHTN and
stage 1 HTN to a more even distribution of over- and under-estimation of the correct BP
classification category. For example, in the category of cuff BP preHTN, the percentage of
intra-arterial brachial BP cases that were in the stage 1 HTN category was reduced from 36%
to 17% (cuff underestimation). However, in the category of cuff BP preHTN, the percentage of
intra-arterial brachial BP in the normal category increased from 9% to 13% (cuff
overestimation). Similarly, in the category of cuff BP stage 1 HTN, the percentage of intra-
arterial brachial BP cases that were either in stage 2 HTN or preHTN categories changed from
32% to 20% (cuff underestimation) and from 13% to 26% (cuff overestimation), respectively.
With respect to delineating HTN at the traditional cut-off of 140/90 mm Hg, in meta-analysis
2 the sensitivity was 78.5% (95% CI 66.8 to 87.0), while specificity was 95.2% (95% CI 86.5
to 98.4%). In meta-analysis 3, sensitivity was 81.7% (95% CI 74.9 to 87.0%) and specificity
was 88.5% (95% CI 83.4 to 92.2%).

Magnitude of difference between cuff and intra-arterial BP. Brachial cuff BP readings were
>5,>10 or >15 mm Hg different from intra-arterial brachial SBP in 465 (67%), 275 (41%) and
173 (26%) of subjects of meta-analyses 2 (Figure 2.14A). Similarly, when compared with intra-
arterial aortic BP, brachial cuff SBP was >5, >10 or >15 mm Hg different in 1236 (67%), 748
(40%) and 411 (22%) of subjects of meta-analyses 3 (Figure 2.14B). Results were similar for
DBP differences, although there was better agreement for DBP differences >15 mm Hg
(Appendix Figure 1.7).

Clinical and demographic correlates of brachial cuff and intra-arterial BP differences.
Older age and higher body mass index were related in univariable analysis to less
underestimation of intra-arterial brachial and aortic SBP and PP by brachial cuff SBP and PP
(Appendix Tables 1.14 and 1.15). In multivariable analysis age and body mass index both
remained significantly related to the difference in PP, but age was not significantly related to
the difference between brachial cuff and intra-arterial brachial SBP, whilst body mass index
was not significantly related to the difference between brachial cuff and intra-arterial aortic
SBP. There were no consistent associations observed for brachial cuff DBP versus intra-arterial
DBP.
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Table 2.6 Concordance of blood pressure classification based on revised intra-arterial thresholds. Number of subjects and percentage concordance
between brachial cuff and intra-arterial brachial (panel A) and aortic (panel B) systolic and diastolic blood pressure (BP) for classification of BP control.

A Intra-arterial brachial blood pressure
n=668 Normal Prehypertension Stage 1 hypertension Stage 2 hypertension
SBP <124.5 and DBP SBP 124.5- <150 and/or SBP 150- <167 and/or SBP >167 or DBP >91
Cuff blood pressure <74 DBP 74— <85 DBP 85-<91
Centiles <19™ 19 — <54t 54t - <76 >76M
Normal SBP th
<120 and DBP<80 <19 31(27) 1M 1@
Prehypertension . .
191" — <54t 28 (13) 34 (17) 6 (4)
SBP 120-139 and/or DBP 80 — 89
Stage 1 hypertension
ge L hyp 541 - <76 3(2) 38 (26) 29 (20)
SBP 140-159 and/or DBP 90 — 99
Stage 2 hypertension
J P >76M 0 (0) 6(3)
SBP>160 or DBP>100
Prehypertension and stage 1
hypertension combined 19t — <76t 31 (9)

SBP 120-159 and/or DBP 80 — 99
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B
n=1676
Cuff blood pressure

Intra-arterial aortic blood pressure
Normal Prehypertension
SBP <119.1 and DBP SBP 119.1-141.8

Stage 2 hypertension
SBP > 165.1 or DBP >

Stage 1 hypertension
SBP 141.8-165.1 and/or

<74 and/or DBP 74 -83.5 DBP 83.5-93.1 93.1

Cent”es <24th 24th _ <59th 59th _ 86th 286th
Normal SBP | <24™
<120 and DBP<80 97(25) 6(1) 1)
Prehypertension SBP | 24t - <59t
120-139 and/or DBP 80 — 89 89 (15) 133(22) 102)
Stage 1 hypertension SBP | 59" — <86
140-159 and/or DBP 90 — 99 14.(3) 108 (27)
Stage 2 hypertension SBP | >86™
>160 or DBP >100 0(0) 809
Prehypertension and stage 1 | 24" -<86"
hypertension combined 103 (10)

SBP 120-159 and/or DBP 80 — 99

Data are presented as n (%) and each row adds to 100%. Linear mixed modelling was used to account for clustering of subjects within studies. Brachial cuff
BP measurements were classified based on JNC 7 guidelines, and compared for concordance with classification of the corresponding intra-arterial brachial
(panel A) and aortic (panel B) systolic and diastolic BP. The proportion of intra-arterial brachial or aortic measurements concordant with brachial cuff BP is
reported as a percentage. A value of 100% within the shaded boxes is equal to complete concordance of BP classification. Modified intra-arterial thresholds
have been calculated from the equivalent percentile rank of cuff BP thresholds. Prehypertension and stage 1 hypertension were merged as a combined
category to explore the possible clinical implication of cuff BP accuracy at this BP level.
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Figure 2.14 Individual brachial cuff and intra-arterial blood pressure differences.

Plots of brachial cuff and intra-arterial brachial (panel A), as well as brachial cuff and intra-
arterial aortic (panel B) systolic blood pressure (BP). The mean of the brachial cuff systolic BP
and intra-arterial systolic BP is on the x-axis and the mean difference between brachial cuff
systolic BP and the intra-arterial systolic BP is on the y-axis. The proportion of brachial cuff
systolic BP values within £5 mm Hg of the intra-arterial systolic BP measures is represented
by the dashed line (green), and reported under the +5 bar. The same presentation is provided
for cuff systolic BP values within +10 mm Hg (dotted line [orange]) and £15 mm Hg (dot-
dashed line [red]). The solid black horizontal line represents the mean SBP difference calculated

as brachial cuff minus intra-arterial BP.
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Sensitivity analysis. Participants were significantly older and had higher intra-arterial brachial
SBP and intra-arterial aortic PP in the maximum rated compared to the non-maximum rated
studies in meta-analysis 1. There were significantly more males in the maximum rated studies
in meta-analyses 2 and 3. There were no other significant differences between the maximum
rated and non-maximum rated studies (p>0.05 all, Appendix Tables 1.16- 1.18). There were no
significant differences in BP values for published versus unpublished data (p>0.05, Appendix
Tables 1.19- 1.21). We did not have a direct measure of ethnicity, however, BP differences
were not significantly influenced by the country of data origin. The relationship between the
difference in cuff and intra-arterial brachial SBP and the average of cuff and intra-arterial
brachial SBP (Figure 2.14) was non-linear (U-shaped). However, this appeared to be driven by
five outlying data points, because removal of these data resulted in linear estimates that were
similar to non-linear modelling (linear=-24.8, 95% CI -48.7 to -0.72, p=0.044; non linear 26.9,
95% Cl 4.9 to 49.2, p=0.017). The relationship between cuff and intra-arterial aortic SBP data

was linear.

2.5 Discussion

With HTN as the single major risk factor for global disease burden 33, the accuracy of clinic BP
methods is critical. Our study had several key findings. First, we confirmed the expectation that
intra-arterial brachial SBP was higher than intra-arterial aortic SBP, and also that there was
little difference in DBP between the central and peripheral arterial sites. However, there was
extreme individual variability in the magnitude of central-to-peripheral differences for both
SBP and DBP. Second, we found that cuff BP underestimated intra-arterial brachial SBP (and
PP), but overestimated intra-arterial brachial DBP irrespective of BP technique (e.g.
oscillometric or auscultation using mercury methods). This is confirmation of perceived dogma
relating to oscillometric devices, but as far as we know is the first comprehensive analysis of
all cuff BP methods to be reported. Third, when cuff SBP was compared with intra-arterial
aortic SBP, there was a small mean difference but poor agreement between measures at the
individual level, whereas cuff DBP overestimated and cuff PP underestimated intra-arterial
aortic values. Finally, the observed variability in cuff BP accuracy adversely influenced correct
classification of BP (compared against intra-arterial classification) across all INC 7 categories,
with particular discordance in the range from preHTN to stage 1 HTN. These data are
summarized in the Central Illustration (Figure 2.15) and indicate the need to improve accuracy

standards of cuff BP devices.
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CENTRAL ILLUSTRATION: Accuracy of Cuff-Measured BP

Hypertension (elevated blood pressure (BP))
is the single largest risk factor for cardiovascular disease mortality

Non-invasive brachial (upper arm) cuff BP is the principal method
for hypertension diagnosis and management

Does the cuff accurately measure BP?

2

For patients with
Normal BP
<120/80 mm Hg

£

For patients with

Prehypertension (2120/80 to <140/90 mm Hg)
or Stage 1 hypertension (>140/90 to <160/100 mm Hg)

A 4
For patients with
Stage 2 hypertension
>160/100 mm Hg

Reasonable
confidence can be
placed in cuff BP
readings

Cuff overestimates diastolic BP at brachial and aortic level
Cuff underestimates systolic BP at brachial level
Cuff variably under- or overestimates SBP at the aorta

I

Improved accuracy is recommended

Reasonable
confidence can be
placed in cuff BP
readings

Picone, D.S. et al. J Am Coll Cardiol. 2017;70(5):572-86.

Figure 2.15 Summary findings from individual participant data meta-analyses of cuff

blood pressure accuracy.

This illustration depicts BP classification based on cuff BP measurements and corresponding

concordance with intra-arterial BP classification. The results are calculated using all available

individual participant data from the 1950s to 2016. Reasonable confidence can be placed in cuff

BP readings <120/80 mm Hg or >160/100 mm Hg to predict intra-arterial brachial or aortic BP.

Improved accuracy is recommended in the BP range from pre-hypertension (>120/80 mm Hg

to <140/90 mm Hg) to stage 1 hypertension (>140/90 mm Hg to <160/100 mm Hg), where

concordance with intra-arterial BP was not strong. SBP=systolic blood pressure.
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Clinical implications. A key problem in addressing the global burden of disease related to high
BP is improving the diagnosis and characterization of the hypertensive phenotype . A
fundamental problem with BP accuracy was identified in our study that affects most (but not
all) cuff BP devices. Despite strong correlations between cuff BP and intra-arterial BP, 16 out
of 22 cuff BP devices examined significantly underestimated intra-arterial brachial SBP (Figure
2.6, panel A) and 15 out of 18 significantly underestimated pulse pressure (Figure 2.6, panel
C). The mean difference in the magnitude of the underestimation often exceeded 10 mm Hg.
Translating these error margins to the traditional classification of BP based on intra-arterial
SBP readings, cuff BP correctly identified preHTN and stage 1 HTN in only about half the
participants, whether based on intra-arterial brachial or aortic SBP (Table 2.5). Concordance
with revised intra-arterial brachial BP thresholds (based on cuff BP percentile rank) was
improved from 50% to 66% in the preHTN range (Table 2.6). This analysis also resulted in
reduced systematic underestimation of risk using cuff BP among the categories of preHTN and
stage 1 HTN. Instead, a relatively even distribution was observed towards both over- and under-
estimation of correct classification of intra-arterial BP. The true implications of these findings

with respect to identification of risk related to BP in clinical practice will require future studies.

It could be argued that our findings are not a major clinical problem because HTN thresholds
have been derived from well conducted clinical trial data using the same (or similar) cuff BP
methods to that analyzed in this current work. Thus, whether cuff BP is measuring the intra-
arterial BP could be largely irrelevant if risk can still be gauged relative to the BP methods
employed in the clinical trials. This contention would be valid if there were consistent
systematic error(s), but in fact there was wide inter-device variability with respect to SBP, DBP
and PP accuracy. To clarify the issue, separate analysis on the accuracy of BP devices used in
all the seminal clinical trials would be required. In any case, a reasonable degree of confidence
that cuff BP is representative of intra-arterial brachial or aortic SBP is associated with readings
<120/80 mm Hg or >160/100 mm Hg (Tables 2.5- 2.6).

Cuff BP validation standards. Guidance on validation protocols for cuff BP devices is
provided by several scientific bodies 1" 191-1% ‘however there are many procedural differences
between guidelines on features such as sample size, acceptable margin of error and pass criteria
%9, Work is currently underway to achieve a universal validation protocol for cuff BP devices.!%
When comparing BP device performance with the reference standard (which can be intra-
arterial BP or, most often, mercury sphygmomanometry), differences of 0 to 5 mm Hg are
considered to be “very accurate,” whereas differences >15 mm Hg are “very inaccurate” 1%,

Although there are many ways to determine “pass” criteria for BP devices, the British
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Hypertension Society provide the highest grade pass (A) if 60% of differences fall within 5 mm
Hg and only 5% of differences fall outside 15 mm Hg #’. The analysis we have conducted
cannot be directly compared with results of validation studies assessing the performance of
individual BP devices. However, it is of note that only 33% of cuff SBP readings fell within 0
to 5 mm Hg, and >20% were >15 mm Hg from intra-arterial SBP (Figure 2.14). That would
equate to a grade D (fail) device performance. From the available data, weak associations
between age, body mass index and cuff BP differences were observed in meta-analyses 2 and
3, but we were unable to determine clear-cut reasons for the disparity between cuff and intra-
arterial BP. Speculatively, the relationships between body mass index and cuff BP accuracy
could be explained by differences in arm circumference or related cuff size (which correlates

with body mass index),*®” however this specific data was unavailable from most studies.

A novel finding with respect to the use of mercury sphygmomanometry as a reference standard
in BP validation protocols is that this method demonstrated sizable imprecision. In comparison
to intra-arterial brachial BP, the mercury method performed better than oscillometric BP with
respect to the level of SBP underestimation, but significant overestimation of DBP and
underestimation of pulse pressure was still observed (Table 2.4). There was insufficient data on
mercury BP to compare this method with oscillometric BP for accuracy compared to intra-
arterial aortic BP. Overall the analyses cast some doubt on the robustness of mercury
sphygmomanometry as the standard against which BP device performance is gauged (possibly
due to influences of operator error), albeit acknowledging that it is the best non-invasive option
currently available. Intra-arterial BP measured under rigorous criteria has the strongest level of
BP accuracy and may be a better choice as the comparator for BP device validation. But it is
less practical and is not ethical to use among some populations. In any case, our observation of
significant differences (and marked variability) between intra-arterial aortic and brachial BP
clearly shows that it is not acceptable to assume peripheral BP is representative of central BP.
This finding is applicable to BP device validation protocols in which cuff BP is compared
against intra-arterial BP at the radial %, brachial °, or aortic 1" level. Improvement of BP

device accuracy standards is desirable %2,

Strengths and limitations. Individual level data were acquired from a wide variety of studies
employing high-quality techniques and spanning several decades of investigations, all together
comprising relatively large sample sizes for each meta-analysis. However, this also probably
contributed to the observed statistical heterogeneity, indicating excess variation among
experimental protocols and a degree of uncertainty regarding effect estimates. Although intra-

arterial BP is the reference standard measurement of BP 32 1% inaccurate BP is possible due
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to numerous sources of error: 1) if operators do not follow appropriate techniques (e.g. catheter
handling and dynamic response) >, 2) variability in BP between the recording of cuff and intra-
arterial measurements, 3) if measures being compared are recorded sequentially rather than
simultaneously, or 4) if measures are being compared within contralateral rather than ipsilateral
arterial sites. Reassuringly, sensitivity analyses showed no significant difference between the
studies that received the maximum quality rating for experimental design taking into
consideration these sources of error, versus those that did not. Availability of repeated data
would have helped address this issue further, but this was unavailable in most studies. Finally,
the study populations were generally typical of patients presenting with clinical indications for
coronary artery catheterization and therefore there was bias towards overweight, middle-to-

older-aged men, and the findings cannot be widely generalized.

2.6 Conclusions

Cuff BP is the cornerstone measurement in HTN management. The most important finding of
the present study was the inaccuracy of cuff BP when compared with intra-arterial brachial BP
and aortic BP. These deviations substantially influenced BP classification according to clinical
guideline criteria. The inadequacies of cuff BP identified within this work could be improved
with better non-invasive cuff BP methods to estimate brachial or aortic BP. This should then

lead to enhanced clinical diagnosis and management of HTN.
2.7 Perspectives

2.7.1 Competency in medical knowledge

Measurement of BP with pneumatic cuff devices is subject to considerable variability that
affects correlations with direct intra-arterial brachial and aortic pressure measurements. When
compared with intra-arterial pressures, brachial cuff sphygmomanometry generally
underestimates systolic and overestimates diastolic BP.

2.7.2 Translational outlook

New methods of non-invasive BP measurement should undergo robust validation to ensure
accuracy before they are employed in patient care or population health studies.

2.8 Contribution of Chapter 2 to thesis aims

Fundamental issues on the accuracy of cuff BP have been acknowledged since at least the
1950s. Yet, there has never been a comprehensive analysis of cuff BP accuracy compared with

gold standard intra-arterial BP. Chapter 2 of this thesis comprised a compendium of three
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individual participant data meta-analyses and for the first time, quantified the extent of cuff BP
inaccuracy across all available studies and examined possible clinical implications. There were

several important findings.

As per physiological expectations, in meta-analysis one intra-arterial brachial SBP was
significantly higher than intra-arterial aortic SBP and PP. The key novel finding from this
analysis was the large individual variability of the difference. Such variability could have
important clinical relevance, with some data suggesting aortic BP predicts clinical outcomes
above and beyond brachial BP.%% 2% Second, in confirmation of existing theory,?°* cuff BP
underestimated intra-arterial brachial SBP and PP and overestimated brachial DBP. This was
observed from the gold standard cuff method mercury auscultation and newer oscillometric
methods. Third, an important novel finding was that whilst cuff SBP was not significantly
different to intra-arterial aortic SBP, there was poor agreement (considerable over- and under-
estimation). Fourth, the novel BP classification analysis based on cuff BP compared to intra-
arterial BP revealed cuff methods had variable accuracy for measuring intra-arterial BP,
particularly in prehypertension (120-139/80-89 mm Hg) and stage 1 hypertension (140-159/90-
99 mm Hg), indicating there could be substantial clinical implications of cuff inaccuracy (e.g.

undertreatment or unnecessary treatment).

A systematic analysis of cuff BP accuracy was performed for the first time in Chapter 2.
However, the specific reasons for cuff BP inaccuracy remain unclear. The high level of
variability in the meta-analysis between intra-arterial brachial and aortic BP is not unexpected
given there is large variability between individuals in arterial characteristics. 3 7% 77-7° Despite
this variability, standard cuff BP methods use ‘one size fits all” approaches based on signals
from the brachial artery. Whether cuff BP methods can detect and account for this variability
in arterial characteristics, which can affect BP and central-to-peripheral artery BP transmission
is unknown. Such variability in BP transmission could suggest that distinct BP phenotypes
exist. In Chapter 3 we hypothesized that the presence of distinct BP phenotypes would not be
discriminated by cuff BP methods used in daily clinical practice.
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Chapter 3 - Discovery of new blood pressure phenotypes and relation to

accuracy of cuff devices used in daily clinical practice
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3.1 Abstract

Cuff blood pressure (BP) is the reference standard for management of high BP, but the method
IS inaccurate and can lead to BP misclassification. The aims of this study were to determine if
distinctive BP phenotypes exist based on BP transmission (amplification) variability from
central-to-peripheral arteries and whether applying one standard cuff BP measurement
approach (e.g. oscillometry) to all people could discriminate the BP phenotypes. Intra-arterial
BP was measured at the ascending aorta, brachial and radial arteries in 126 participants (61+10
years, 69% male) following coronary angiography. Central-to-peripheral systolic BP (SBP)
transmission (SBP-amplification) was defined by >5 mmHg SBP increase between the aorta-
to-brachial or brachial-to-radial arteries. Standard cuff BP was measured four different times
using three different devices. Three independent investigators also provided data (n=255 from
four studies) using another three separate cuff BP devices. Four distinct BP phenotypes were
discovered based on variability in SBP amplification: phenotype 1) both aortic-to-brachial and
brachial-to-radial SBP-amplification; phenotype 2) only aortic-to-brachial SBP-amplification;
phenotype 3) only brachial-to-radial SBP-amplification; phenotype 4) neither aortic-to-brachial
nor brachial-to-radial SBP-amplification. Aortic SBP was significantly higher among
phenotypes 3 and 4 compared to phenotypes 1 and 2 (p=0.00074), but this was not discriminated
using any standard cuff BP measures (p=0.31). Data from independent investigators confirmed
the key findings. This is the first in-human discovery of BP phenotypes that have significantly
different BPs, but which are not discriminated by standard cuff BP devices used in daily clinical
practice. Improved BP device accuracy may be achieved by considering individual phenotypic
BP differences.
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3.2 Introduction

Cardiovascular disease is the global number one cause of mortality.?%? The foremost risk factor
is high blood pressure (BP), which affects over 1.1 billion people worldwide.? 2% Treatment to
reduce high BP lowers cardiovascular risk,® and for these reasons, accurate cuff BP is regarded
as “one of the most important measurements in all of clinical medicine.”” Surprisingly, standard
upper arm cuff BP measurement methods have barely changed in more than 100 years, even
though fundamental issues with cuff BP accuracy have been known since the 1950s.2 The extent
of this problem was only recently exposed via individual participant data meta-analyses of all
available data on cuff BP accuracy.’”” Compared with intra-arterial (invasive) BP, it was found
that cuff BP had minimal accuracy for measuring either the BP in the arm (brachial artery) or
at the central aorta, particularly in the systolic BP (SBP) range of 120 — 159 mmHg, and this
had major implications for correct diagnosis of BP according to guidelines.”’

Standard cuff BP methods, whether oscillometric or manual (Korotkoff sounds),
measure BP from arterial signals at the brachial artery during cuff deflation or in some cases,
inflation.®* 204 However, there may be large individual variation in arterial characteristics (i.e.
stiffness, diameter, flow dynamics) and BP transmission along the length of the arterial tree.””
79,205,206 The variation in central-to-peripheral BP could be hard for cuff BP to detect, since it
measures signals at an isolated peripheral artery with a generic, ‘one size fits all” method (either
oscillometric algorithms or Korotkoff sounds). These methods potentially overlook subtle but
distinct phenotypic differences in the way that BP is transmitted from central-to-peripheral
arteries (e.g. possibly increased SBP transmission in some people, but not in others). Indeed,
there are other clues to the presence of distinct BP phenotypes. For example, among people
with renal disease, cuff BP becomes increasingly inaccurate as the severity of disease and
vascular dysfunction (aortic stiffness) increases.!'! Also, people with apparently normal clinic
cuff BP can still have signs of organ damage related to high BP, suggesting that a sizeable

element of BP risk is missed by the cuff BP method.?%’

This current study was performed to determine if distinct BP phenotypes exist in the
way that BP is transmitted from the central-to-peripheral arteries. Of most relevance are the
changes in SBP and pulse pressure (PP) since only minimal changes occur in diastolic BP
(DBP) and mean arterial pressure.’®? The contributors to individual differences in BP
transmission (amplification) are multifactorial, with influential haemodynamic and non-
haemodynamic factors at the heart (e.g. left ventricular output), aorta (e.g. compliance) and
distal vasculature (e.g. structural and functional characteristics).?% 298210 \We sought to assess

variability in BP amplification by careful examination of the relationships between arterial BP
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waveforms measured invasively within the aorta, brachial (upper arm) and radial (wrist) arteries
and hypothesized that there would be several distinctive BP phenotypes based on variability in
central-to-peripheral artery BP amplification. Secondly, we sought to determine whether
distinct BP phenotypes could be discriminated by applying a standard cuff BP measurement
approach (e.g. oscillometry), using several cuff BP devices recorded at different time points.
We hypothesized that the distinctive BP phenotypes would not be discriminated by any of the

cuff BP measures used in daily clinical practice.

3.3 Methods

Participants. Patients with a clinical indication for coronary angiography at the Royal Hobart
Hospital (Hobart, Australia) were studied. We excluded patients with the following
characteristics that may introduce error in the measurement of intra-arterial BP: atrial
fibrillation or aortic stenosis (n=10); a cuff inter-arm difference >5 mmHg for SBP and/or DBP;
or unable to measure cuff BP in both arms (e.g. due to injury, lymph node removal; n=17); or
use of femoral artery for intra-arterial access (due to inaccessibility to the peripheral limb
arteries; n=11). We also excluded patients where medical (n=34, e.g. radial artery spasm, n=2)
or technical (n=9) issues arose that prevented the research measures or adversely affected the
quality of the waveforms that were recorded. Additionally, n=4 did not provide consent.
Therefore, from a total of 211 people we completed studies in 126 continuous people. The
University of Tasmania Human Research Ethics Committee approved the study (reference

H0010566) and each participant provided signed informed consent.

Intra-arterial BP measurements. Participants were studied under stable haemodynamic
conditions, without moving or talking and were clear of drugs inducing acute vasoactive
responses, as per ARTERY guidelines.? The right radial artery was used for catheter access.
After the clinical procedure, intra-arterial BP was recorded with a fluid-filled system using 5Fr
(48% of cases) or 6Fr (52% of cases) catheters including 5-6Fr Judkins Left (Cordis, NJ), 5-
6Fr multipurpose (Cordis), and 5Fr TIG (Terumo, NJ). Intra-arterial BP measurements began
with the catheter in the proximal ascending aorta. The catheter was then pulled back to the
upper arm (mid-humerus) for brachial waveform measurement. Finally, the catheter was pulled
back to the wrist, and the sheath was partially removed to allow the most distal radial waveform
measurement possible. Fluoroscopy was used to confirm the catheter position at each arterial
site and the catheter was flushed before all waveform recordings. Stable pressure waveforms
were recorded for a minimum of 20 seconds at each arterial site to reduce the influence of
respiratory variation. Waveforms were recorded via analogue-to-digital signal converter at a
frequency of 1000 Hz (LabChart 7, AD Instruments, Bella Vista, Australia). The dynamic
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response of the fluid-filled catheter system was assessed by performing ‘pop-tests’ and
confirmed in the appropriate range outlined by Gardner® (natural frequency >18 Hz and the

damping coefficient >0.3).

Cuff BP measurements. Since BP can change over time and, because cuff BP values may vary
between BP devices (owing to different operating functions)?!! external validity was addressed
by measuring standard cuff BP using three different device models and four different individual
devices (independently validated or Food and Drug Authority (FDA) cleared) at four different
time points: First, during the angiography pre-assessment visit, typically the day prior to the
angiogram, a single seated BP was measured by a nurse (WelchAllyn Spot Vital Signs (5200-
103Z), Skaneateles Falls, NY, USA).?*2 Second, prior to the catheterization, whilst in the
waiting room, cuff BP was measured simultaneously on both arms, using two identical devices
(UAT767, A&D Medical, Tokyo, Japan), with participants either supine or seated.?** 24 Third,
before commencing the coronary angiogram, duplicate cuff BP measurements were taken
whilst the participant was supine in the catheterization laboratory (SphgymoCor Xcel, AtCor
Medical, West Ryde, Australia). SphygmoCor Xcel uses the Suntech Advantage Model 2 series
non-invasive BP module to measure brachial cuff BP. Fourth, after the clinical procedure, cuff
BP was measured once simultaneous with intra-arterial brachial BP (SphygmoCor Xcel). For
all cuff measurements, participants were asked to remain still and quiet throughout the
recordings. For cuff and intra-arterial measurements, PP was calculated as SBP — DBP.

Defining BP phenotypes. The magnitude of SBP increase (SBP amplification) between the
aorta-to-brachial and brachial-to-radial arteries was used to define the BP phenotypes. When
SBP increased by >5 mmHg between the aortic-to-brachial or brachial-to-radial arteries, this
was defined as SBP amplification. The threshold of 5 mmHg was chosen because it represents
a difference in BP generally greater than could be attributed to measurement variability.1%% 215
SBP increases of <5 mmHg between the aortic-to-brachial or brachial-to-radial arteries were
defined as no SBP amplification. Phenotypic differences in SBP were of most interest because
SBP is more closely associated with cardiovascular disease and events compared to other BP
indices.® 2% Moreover, there is little variability in DBP between the central-to-peripheral

arteries.”’

Pressure waveform analysis. Commercially available software (SphgymoCor CVMS, AtCor
Medical) was used to perform offline waveform analysis. Each intra-arterial waveform was
entered into the system in ‘simulation’ mode. The output provided detailed analysis of BP
waveform parameters including the first and second systolic peaks. From these and PP, we
calculated the following waveform parameters:
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1. Augmentation pressure = second — first systolic waveform peak.

2. Aortic augmentation index = augmentation pressure / PP * 100.

3. Radial augmentation index = second / first systolic waveform peak *100.
Clinical information. Participant clinical characteristics including anthropometry and clinical
history were recorded at the angiography pre-assessment (usually one day prior to the
procedure) by nursing staff. Other clinical information was extracted from the Royal Hobart

Hospital digitized medical records system.

Independent confirmation of major findings. As far as we know, this is the first study to
record standard cuff BP as well as intra-arterial aortic, brachial and radial BP. However, from
our systematic review,’” we identified six independent studies (one unpublished) that measured
intra-arterial aortic and brachial BP, along with cuff BP,! 16 152 217, 218 thys providing an
opportunity for separate confirmation of the findings relating to aortic-to-brachial SBP
amplification. The authors of all studies were contacted, and four (three from Taiwan and
China'? 16152 and one from Italy [Pucci et al unpublished]) provided individual participant data
with a total of 255 participants. We compared people with >5 mmHg aortic-to-brachial SBP
amplification to those with no aortic-to-brachial SBP amplification (<5 mmHg). In each study,
data was collected in patients undergoing coronary angiography. All studies performed aortic
and brachial intra-arterial measurements sequentially, except Lin et al**?, which used a dual
sensor catheter to perform simultaneous measurements. Two of the confirmation studies used
Omron HEM 9000AI cuff devices, Pucci et al, unpublished and Ding et al, 2013, whilst the
other studies used VP-2000 (Colin Corporation, Komaki, Japan)!! and WatchBP Office
(Microlife, Widnau, Switzerland)*>? devices. These devices have all been validated according
to international guidelines or FDA cleared for brachial BP measurement.?* 220 In all studies,
cuff BP was measured on the arm contralateral to the intra-arterial BP measures. Full methods
for the published studies are available,!* 1 2and for Pucci et al, unpublished, see Appendix
2.1 for details.

Statistical analysis. Differences in continuous variables between phenotypes were assessed via
one-way analysis of variance. Tukey honest significant difference tests were used to determine
where significant differences were between phenotypes, adjusting for multiple comparisons. In
the analysis of aortic-to-brachial SBP amplification versus no aortic-to-brachial SBP
amplification for each individual study, differences in BP measures were determined using T-
tests and when the confirmation studies were pooled, linear mixed modelling was performed
(to account for within study clustering of individuals). Suspected confounders of the phenotypic

differences in BP were assessed using analysis of covariance (four phenotypes), linear
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regression (aortic-to-brachial phenotypes only) and linear mixed modelling (pooled
independent confirmation studies). A sub-analysis of patients with available data on use of
antihypertensive and statin therapies was performed. Between-arm cuff SBP difference (left
minus right arm, taken in the catheterisation waiting room) was added to each model to account
for potential confounding due to different BP values in the left and right arms. A sensitivity
analysis of patients with heart rate differences <5 beats/minute between the aorta-to-brachial,
brachial-to-radial or aorta-to-radial arteries was also conducted. Influence of arm circumference
on the relationship between cuff and intra-arterial BP was tested in a sensitivity analysis of 62
patients. Patients were stratified based on an arm circumference <32cm (n=34) versus > 32 cm
(n=28). We also analysed differences across the BP phenotypes in PP, a particularly relevant
cardiovascular risk measure among older people.??* P<0.05 was considered statistically
significant. Data were synthesised and analysed using R version 3.4.0 (R Foundation for

Statistical Computing, Vienna, Austria).

3.4 Results

Participant characteristics. Overall, participant characteristics were typical of patients
undergoing coronary angiography: middle-older aged, predominately male and overweight
according to body mass index (Table 3.1). Furthermore, most patients had a history of
hypertension, a family history of cardiovascular disease and at least one diseased coronary

vessel.

Discovery of BP phenotypes. Four distinct BP phenotypes were observed based on the
magnitude of aortic-to-brachial and brachial-to-radial SBP amplification (Figure 3.1)

1) both aortic-to-brachial and brachial-to-radial SBP amplification (=5 mm Hg), among 32
participants (25%; Figure 3.2A); 2) aortic-to-brachial SBP amplification, but no brachial-to-
radial SBP amplification, among 41 participants (33%; Figure 3.2B); 3) no aortic-to-brachial
SBP amplification, but brachial-to-radial SBP amplification, among 29 participants (23%;
Figure 3.2C) and; 4) neither aortic-to-brachial nor brachial-to-radial SBP amplification, among
24 participants (19%; Figure 3.2D). The BP waveforms from each phenotype are overlaid in
Figure 3.3.
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Table 3.1 Clinical characteristics across the four blood pressure phenotypes.

Variable All Phenotype 1 Phenotype 2 Phenotype 3 Phenotype 4 P value
(both (aortic-brachial  (brachial-radial (no SBPamp)
SBPamp) SBPamp only) SBPamp only)
Number of cases (%) 126 (100) 32 (25) 41 (33) 29 (23) 24 (19) -
Age, years 61+10 58+10 58+11 6619 64+8 0.0027
Male sex, n (%) 87 (69) 27 (84) 28 (68) 16 (55) 16 (67) 0.10
Height, cm 171+10 17648 172+10 168+10 168+9 0.0025
Weight, kg 86.8+20.2 91.3+17 91.0+25 79.8+15 82.3+18 0.045
Body mass index, kg/m? 29.5+5.6 29.3+5.1 30.8+5.9 28.3+5.7 29.1+5.2 0.31
Heart rate, beats/min 69+13 69+12 72+15 69+15 6419 0.14
>1 coronary vessel stenosed, n (% yes) 73 (59N 22 (69) 21 (51) 19 (66) 11 (50) 0.32
eGFR, mL/min/1.73m? 82120 83+21 87+18 74+23 81+18 0.075
Hypertension, n (% yes) 101 (82)* 26 (81) 36 (88) 21 (75)* 18 (82) 0.60
Type 2 diabetes, n (% yes) 30 (26)° 12 (38) 11 (27) 2 (NH" 5(21) 0.036
History of cardiovascular disease, n (% yes) 54 (45)** 11 (38) 16 (41) 17 (61)* 10 (43) 0.30
Family history of cardiovascular disease, n (% yes) 81 (68)™ 17 (57) 28 (72) 18 (64) 18 (78) 0.35

SBPamp, systolic blood pressure amplification. Data are meanzstandard deviation or n (%). P-values from continuous data were calculated using
analysis of variance and from categorical data using Chi-square tests. *n=1 missing data; ~n=2 missing data; *n=3 missing data; " n=6 missing

data;**n=7 missing data; * n=10 missing data
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Figure 3.1 Flow of identification of the four blood pressure phenotypes.

Intra-arterial blood pressure (BP) measurements were performed in the aortic, brachial and radial arteries via catheter pullback. The first step was
measurements in the ascending aorta and then pullback to the brachial artery where the next measurements were taken. The catheter was then withdrawn
to the most distal possible radial artery position, with partial removal of the radial sheath. Systolic BP (SBP) increases from the aorta-to-brachial artery
>5 mmHg were defined as SBP amplification. The same >5 mmHg threshold was used for brachial-to-radial SBP amplification. Thus, four BP phenotypes
were defined from this study protocol.
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Figure 3.2 Discovery of four distinct blood pressure phenotypes.

The four blood pressure (BP) phenotypes were defined based on differences in systolic BP
(SBP) amplification between the aortic-to-brachial artery and brachial-to-radial arteries.
Pressure waveforms presented are the ensemble average of all participant waveforms within
each BP phenotype and with the average SBP reported above the waveform. The black circles
on the aortic waveforms highlight the first inflection point and the hatched areas denote the
augmented pressure component. The black circle on the radial waveforms denotes the second
systolic peak, which approximates aortic SBP within each BP phenotype.
74



150 1

140 1

130 1

Blood pressure, mmHg
-— —
(o] o o
o o o
1 1 1

co
o
1

-
(=]
1

60 -

Phenotype 1 (n=32) Phenotype 2 (n=41) Phenotype 3 (n=29) Phenotype 4 (n=24)

Figure 3.3 Overlaid ensemble averaged blood pressure waveforms for the four blood pressure phenotypes.

The waveforms represent the aortic (solid line), brachial (dotted line) and radial artery (dashed line) pressures.
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Aortic SBP was significantly different between the phenotypes (p=0.0049), and was
significantly higher in phenotypes 3 and 4 compared with phenotype 1, even after adjustment
for multiple comparisons (Figure 3.4A and Table 3.2). On the other hand, brachial SBP was not
different between the phenotypes (p=0.90; Figure 3.4A). Despite marked phenotypic
differences in central-to-peripheral SBP amplification, and significantly increased aortic SBP
among phenotypes 3 and 4, there were no significant differences in standard cuff SBP between
the four phenotypes (Table 3.3). This lack of discrimination was observed for each of the four
individual cuff BP devices, and across each of the four time points, as well as for the average
of all cuff SBP measurements (p>0.50 all comparisons; Figure 3.4A and Table 3.3). Results for
PP followed the same pattern as for SBP; aortic PP was significantly different between the
phenotypes (p=0.0016), but cuff PP did not discriminate this, whether measured using different
BP devices at different time points, or using the average of all cuff PP measurements (p>0.2 all

comparisons; Figure 3.4B and Table 3.3).

Detailed analysis of BP waveforms, as well as demographic and clinical characteristics revealed
additional differences between the BP phenotypes. Alx was significantly different across the
phenotypes, and was markedly higher in phenotype 4 (Figure 3.2 and Table 3.2). We performed
exploratory analyses to examine whether the uncalibrated radial Alx provided information
distinct from the BP phenotypes or if it could be used as a non-invasive method (via radial
tonometry) to discriminate the BP phenotypes. Analyses provided in Appendix 2.2 and
Appendix Tables 2.1- 2.2 show that the BP phenotypes provide information that is separate and
additive to radial Alx. People with phenotypes 3 and 4 also tended to be older and shorter (Table
3.1).
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Figure 3.4 Cuff, intra-arterial aortic and brachial blood pressure across the four blood

pressure phenotypes.

Systolic blood pressure (SBP) (panel A) and pulse pressure (PP) (panel B) measured at the aorta
(open bars), brachial artery (closed bars) and cuff blood pressure (BP) measures (black points)
across each BP phenotype. Aortic SBP and PP were significantly different between phenotypes
(ANOVA p=0.0049 and p=0.0016), but not brachial SBP or cuff SBP or cuff PP (p>0.2 all). P-
values on the figure represent significant differences in aortic SBP and PP between the specific
phenotypes after Tukey honest significant difference analysis, which adjusts for multiple

comparisons. P-value>0.05 for all other comparisons. Data are meanzstandard error of the

mean.
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Table 3.2 Haemodynamic variables across the four blood pressure phenotypes.

Variable Phenotype 1 Phenotype 2 Phenotype 3 Phenotype P value
(both (aortic-brachial (brachial-radial 4 (no

SBPamp) SBPamp only) SBPamp only) SBPamp)

Aortic SBP 122+17 129+23 138+19 138+18 0.0049
Brachial SBP  138+18 141+23 138+18 139+19 0.90
Radial SBP 152+22 138+23 151+18 138+18 0.0050
Aortic-brachial 15.6+7.8 12.2+6.5 -0.2+3.9 0.7£3.4 <0.0001
SBPamp

Brachial-radial 14.7+7.5 -3.36.9 12.8+6.6 -0.5%4.6 <0.0001
SBPamp

Aortic MAP 9249 94+12 97+11 97+10 0.16
Aortic DBP 68+7 69+9 69+10 68+8 0.99
Aortic PP 54+16 60+20 69+18 70£16 0.0016
Brachial PP 71+16 73121 72+16 7316 0.97
Radial PP 88122 73+£20 86+17 74+16 0.0018
Heart rate, 69+12 72+15 69+15 64+9 0.14
beats/min

Aortic 6.4+10 12.2+17 17.4+17 24.0+14 0.00033
augmented

pressure

Aortic 11.0+20 17.9+24 22.4+21 32.3+16 0.0041
augmentation

index, %

Radial 80+10 93+11 9149 100+6 <0.0001

augmentation

index, %

SBP, systolic blood pressure; SBPamp, SBP amplification; MAP, mean arterial pressure,
DBP, diastolic BP; PP, pulse pressure. Data are meanzstandard deviation. Units are mmHg

unless specified. P-values were calculated using analysis of variance.
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Table 3.3 Cuff blood pressure across the four blood pressure phenotypes.

Variable Phenotype 1 Phenotype 2 Phenotype 3 Phenotype P
(both (aortic- (brachial- 4 (no value
SBPamp) brachial radial SBPamp)
SBPamp SBPamp
only) only)
Cuff SBP (average) 130+13 132+18 134+12 133+15 0.73
Cuff SBP (pre- 137+18 141+20 140+14 139+22 0.84
assessment)*
Cuff SBP (waiting room, 132+15 135+20 13515 129+19 0.67
left arm)”
Cuff SBP (waiting room, 132+14 134420 136+16 128+19 0.52
right arm)”
Cuff SBP (waiting room, 132+15 134+20 135+16 128+19 0.60
average)
Cuff SBP (pre-diagnostic 124+13 126+18 128+15 129+18 0.71
procedure)®
Cuff SBP (simultaneous 127+13 130+21 13315 132+16 0.52
with intra-arterial

brachial)®

Cuff PP (average) 54+12 55414 59+12 58+12 0.50
Cuff PP (pre- 57+16 58+18 60£15 60+16 0.80
assessment)*

Cuff PP (waiting room, 5315 57+15 57+14 54+17 0.74
left arm)”®

Cuff PP (waiting room, 5516 56+16 59+15 52+17 0.59
right arm)”

Cuff PP (waiting room, 54+15 56+15 58+14 53+17 0.70
average)®

Cuff PP (pre-diagnostic 51+11 53+14 55+12 57+12 0.44
procedure) ®
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Cuff PP (simultaneous 54+10 54+15 59+12 59+12 0.23
with intra-arterial

brachial) %

SBP, systolic blood pressure; PP, pulse pressure; SBPamp, SBP amplification. Data are
meanzstandard deviation. *n=113; *n=94; n=117; *n=122. Units for SBP and PP are
mmHg. P value calculated by analysis of variance.
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Findings were not altered in a simplified analysis assessing people with aortic-to-brachial SBP
amplification (phenotypes 1 and 2 combined) compared to those with no aortic-to-brachial SBP
amplification (phenotypes 3 and 4 combined), whereby aortic SBP was significantly higher
among people with no amplification and cuff SBP did not discriminate this variability (Figure
3.5A). The same pattern was also observed for PP (Figure 3.6A). After adjusting for age, sex,
height, heart rate, diabetes status or hypertension status, the SBP findings were unchanged, but
the difference in aortic PP was non-significant (Table 3.4). Adding the between-arm BP

difference to the regression models did not alter the results.

A sub-analysis was also completed on 83 people who had available data on use of
antihypertensive and statin therapies, both of which did not alter the phenotypic findings (Table
3.5). We also performed a sensitivity analysis, including people where heart rate differences
between the aorta-to-brachial, brachial-to-radial or aorta-to-radial arteries were <5 beats/min
(n=103). Findings were not altered compared to the complete analysis (data not shown). Similar
differences between cuff and intra-arterial aortic SBP were found for the standard upper arm

circumference (<32cm) versus >32 cm groups (-4.6£9.1 versus -3.2+8.0 mmHg, p=0.53).

Independent confirmation of major findings. Consistent with our observations, in each
independent dataset, higher aortic SBP was observed among people with no aortic-to-brachial
SBP amplification compared to those with aortic-to-brachial SBP amplification (notionally
representing phenotypes 3 and 4 compared with phenotypes 1 and 2). Also, consistent with our
observations, cuff SBP was not different between the two SBP amplification groups in each
independent dataset, or in a pooled analysis (Figure 3.5B-E). Analysis of PP revealed a similar
pattern to SBP (Figure 3.6B-E). The findings were not altered when adjusted for age and sex
differences between the phenotypes (Table 3.4).
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Figure 3.5 Confirmation of the blood pressure phenotype discovery using systolic blood
pressure data.

Aortic systolic blood pressure (SBP; open bars) and averaged cuff SBP (black points) compared
between aortic-to-brachial SBP amplification >5 mmHg (Amp.) and no aortic-to-brachial SBP
amplification <5 mmHg (No amp.). The discovery of the distinct blood pressure phenotypes is
presented in panel A. Analysis of four independent studies is presented pooled in panel B and

independently in panels C-F. Data are meanzstandard error of the mean.
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Figure 3.6. Confirmation of the blood pressure phenotype discovery from pulse pressure
data.

Aortic pulse pressure (PP; open bars) and averaged cuff PP (black points) compared between
aortic-to-brachial systolic blood pressure (SBP) amplification >5 mmHg (Amp.) and no aortic-
to-brachial SBP amplification <5 mmHg (No amp.). The discovery data is presented in panel
A. Analysis of four independent studies is presented pooled in panel B and independently in

panels C-F. Data are meanzstandard error of the mean.
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Table 3.4 Aortic systolic blood pressure and pulse pressure differences between the blood pressure phenotypes after controlling for potential confounders.

Discovery data

Four blood pressure phenotypes F value Pvalue  Presence of aortic-brachial SBP amplification Unstandardized P value
beta (95% CI)
Dependent: Aortic SBP, mm Hg Dependent: Aortic SBP, mm Hg
Phenotypes 4.26 0.0071 Aortic-brachial SBPamp >5 mm Hg (1=no) 8.73(0.56t016.7) 0.039
Age, years 9.45 0.0027 Age, years 0.54 (0.17t0 0.91) 0.0049
Sex (1=male) 0.11 0.74 Sex (1=male) -5.51(-15.2t03.99) 0.27
Height, cm 0.62 0.43 Height, cm 0.21 (-0.26 t0 0.67) 0.39
Heart rate, beats/min 1.90 0.17 Heart rate, beats/min -0.16 (-0.43t00.11) 0.26
Hypertension status, (1=yes) 0.90 0.35 Hypertension status, (1=yes) 3.41(-6.20t0 12.8) 0.49
Type 2 diabetes status, (1=yes) 1.87 0.17 Type 2 diabetes status, (1=yes) 4,96 (-3.71t0 13.4) 0.26
Dependent: Aortic PP, mm Hg Dependent: Aortic PP, mm Hg
Phenotypes 6.22 0.00065  Aortic-brachial SBPamp >5 mm Hg (1=no) 4.87 (-1.98t0 11.6) 0.17
Age, years 29.2 <0.0001 Age, years 0.78 (0.47t0 1.08)  <0.0001
Sex (1=male) 3.72 0.057 Sex (1=male) -7.03 (-15.2t00.94) 0.094
Height, cm 0.34 0.56 Height, cm -0.10(-0.50t00.28) 0.61
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Table 3.4 (continued)

Heart rate, beats/min 8.23 0.0050 Heart rate, beats/min -0.32 (-0.55 to - 0.0076
0.094)

Hypertension status, (1=yes) 0.098 0.76 Hypertension status, (1=yes) 0.29 (-7.78t0 8.18) 0.94

Type 2 diabetes status, (1=yes) 2.03 0.16 Type 2 diabetes status, (1=yes) 451 (-2.74t0 11.6) 0.23

Independent confirmation studies (pooled)

Dependent: Aortic SBP, mm Hg Unstandardized beta P value  Dependent: Aortic PP, mm Hg Unstandardized P value
(95% ClI) beta (95% CI)

Aortic-brachial SBP amplification >5 7.09 (2.21 to 11.9) 0.0048 Aortic-brachial SBP amplification >5 mm Hg 5.06(1.20t08.83) 0.011

mm Hg (1=no) (1=no)
Age, years 0.51 (0.32t0 0.70) <0.0001 Age, years 0.81 (0.66 t0 0.96) <0.0001
Sex (1=male) -7.60 (-13.2t0-2.16) 0.0078  Sex (1=male) -6.83 (-11.3 to - 0.0027

2.50)

SBP, systolic blood pressure; PP, pulse pressure; SBPamp, SBP amplification. In the discovery data, differences in aortic SBP and PP between the four blood
pressure phenotypes was assessed by analysis of covariance and in the presence of aortic-brachial SBPamp data by linear regression. The findings were not altered
with the addition of radial augmentation index to the model. In the pooled confirmation studies, linear mixed modelling was used, to account for the clustering of
individuals within each separate study. Not all the parameters from the discovery data were available in the pooled confirmation, thus this analysis was performed

adjusting only for age and sex.
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Table 3.5 Aortic systolic blood pressure and pulse pressure differences between the four blood
pressure phenotypes after controlling for additional potential confounders in a sub-sample of
participants (n=83).

Four blood pressure phenotypes F value P value

Dependent: Aortic SBP, mm Hg

Phenotypes 4.83 0.0040
Age, years 7.18 0.0091
Sex (1=male) 0.10 0.75
Height, cm 0.43 0.51
Heart rate, beats/min 0.46 0.50
Type 2 diabetes status, (1=yes) 1.87 0.17
Antihypertensive medication (1=yes) 0.23 0.64
Statin medication (1=yes) 0.22 0.63

Dependent: Aortic PP, mm Hg

Phenotypes 7.79 0.00014
Age, years 20.6 <0.0001
Sex (1=male) 5.03 0.028
Height, cm 0.42 0.52
Heart rate, beats/min 4.90 0.030
Type 2 diabetes status, (1=yes) 1.60 0.21
Antihypertensive medication (1=yes) 0.28 0.60
Statin medication (1=yes) 1.13 0.29

SBP, systolic blood pressure; PP, pulse pressure. Medication status was unavailable in n=43.
Differences in aortic SBP and PP between the four blood pressure phenotypes was assessed by analysis

of covariance.
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3.5 Discussion

This study is the first to our knowledge that examines distinct phenotypic differences in BP
transmission between the central-to-peripheral arteries. The work demonstrates the discovery
of four distinct BP phenotypes that are related to cuff BP inaccuracy. Most notably, significant
differences in intra-arterial BP between phenotypes were not discriminated by a wide variety
of standard cuff BP methods used in daily clinical practice. This has implications for
hypertension management in general medicine, and indicates that improved cuff BP accuracy
could be realized by moving away from using standard ‘one size fits all’ BP measurement
methods, and instead developing more individualized approaches that give consideration to

phenotypic BP differences.

As shown in our systematic reviews and meta-analyses,’ the practical consequence of cuff
BP inaccuracy is potential misclassification of risk related to BP, due to under- or over-
estimation of true (intra-arterial) BP. A significant finding of this current study was the failure
of cuff BP methods to recognize the marked and consistently higher aortic SBP (and PP) among
phenotypes 3 and 4 — those individuals with little to no SBP amplification between the aorta
and brachial arteries. Findings were highly consistent when tested across 6 different types of
BP devices (8 individual machines) and four independent research teams altogether (five
distinct study methods and participants). The clinical result of this failure to identify high BP
using conventional cuff BP methods would be a missed opportunity to, either make lifestyle
modifications, or initiate antihypertensive therapy to lower cardiovascular risk.

On the basis of aortic BP having more pathophysiological relevance to hypertensive end-
organ damage compared with upper arm BP,% %7 we speculate that cardiovascular risk would
be higher among people presenting with phenotypes 3 and 4 because of marked BP
underestimation and potential under treatment (or recognition) of high BP. On the other hand,
reduced SBP or PP amplification could contribute to cardiovascular risk independent from the
level of SBP or PP at a single arterial site (e.g. aorta), as has been reported using non-invasive
BP methods among people with end stage renal disease.'?° It may also be possible that excessive
BP amplification could promote organ damage at susceptible sites, but whether clinical
outcomes will differ among the BP phenotypes is an issue for assessment in large scale
prospective studies to determine associations with cardiovascular outcomes. Beyond this, a
non-invasive means to discriminate BP phenotypes will need to be developed. This could be
achieved from analysis of brachial and/or derived central BP waveforms recorded using cuff
BP devices with operating features that are already familiar to doctors. Such methods would
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need to discriminate BP phenotypes beyond solely focusing on features such as radial Alx,
which was not an adequate substitute for the aortic waveform.

The underlying physiology explaining BP differences among the four phenotypes was not
addressed in this study, but will be multifactorial and include differences in left ventricular
output (e.g. stroke volume, contractility, chronotropy) as well as characteristics of the large
conduit arteries (e.g. diameter, compliance) and structure and function of the small resistance
vessels.® For example, there would be an expectation for increased SBP amplification in a
relatively healthy vascular system, with left ventricular ejection of stroke volume coupled to a
compliant (elastic) aorta that effectively buffers the instantaneous increase in aortic SBP.?1% As
BP is transmitted to the periphery, greater arterial tapering, decreasing wall thickness, but
increasing stiffness relative to the aorta, and stronger peripheral wave reflections may all
contribute to increased SBP amplification.?%® 20° On the other hand, lower ventricular
inotropy?®® and increased stiffening of the aorta disproportionate to the peripheral vessels,?%®
would be expected to increase aortic SBP to a greater extent than peripheral SBP and cause
lower SBP amplification. This is more likely with advancing age or disease adversely affecting

cardiovascular structure and function.

Thus, SBP amplification is a highly complex phenomenon characterized by diverse arterial
physiology, such that it is not surprising that standard cuff BP methods are less than perfect in
being able to accurately measure BP using a single measurement approach (such as cuff
oscillometry) among all people. The inaccuracy of cuff BP associated with SBP amplification
may not be caused by SBP amplification per se, but instead is probably related to variability in
arterial haemodynamics. It is important to clarify that the approach we have used to define
phenotypes does not improve the accuracy of cuff BP, but instead proposes a means of
distinguishing categories of people with respect to the relation of central aortic compared with
the in the upper limb at the brachial and radial sites. Our findings do not undermine the clinical
importance of cuff BP, but moreover suggest that improvements to cuff accuracy should lead

to even better performance as a risk management tool.

The major strengths of this study were the use of high quality intra-arterial methods to
identify phenotypes, and the independent verification of the main findings using data from
multiple investigators. A potential limitation was the use of fluid filled rather than solid state
catheters for the intra-arterial BP measurements, which may introduce error if the system is not
carefully handled and does not have an appropriate dynamic response.>* However, our
methodology was conducted in accordance with expert recommendations?®? and results are

entirely consistent with those of the independent investigators (Figures 3.5- 3.6), in which BP
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measurements were performed using fluid-filled, as well as solid state single- and dual-sensor
catheters. Nonetheless, we cannot rule out the possibility that the catheter may have impinged
the arterial wall in some patients, which may be more likely in smaller arteries. Another possible
limitation was that the lack of discrimination between phenotypes by standard cuff BP may not
be generalizable beyond our study population, which were patients with an indication for
coronary angiography. Having said this, there is no special reason that cuff BP should be
particularly inaccurate among these patients, and again, findings were consistent across a wide
variety of different devices measuring BP at different time points. Similarly, it is unknown
whether the four distinct BP phenotypes would be observed among sample populations beyond
the patient group examined in this study. For example, phenotypes might be less distinct among
healthy younger people, compared to those with advancing age or disease processes affecting
the vasculature, such as diabetes, but this is something that will need to be determined in future
research. Other future studies should also investigate mechanisms underlying the four different
phenotypes with more detailed anthropometric (e.g. upper-arm, forearm length and
circumference) and hemodynamic assessments under dynamic conditions such as exercise,
understanding whether the BP phenotype of an individual could be subject to visit-to-visit or

diurnal variation.

Perspectives. Despite accuracy concerns known for decades® but only recently consolidated,””
cuff BP measurement methods have remained virtually unchanged for over 100 years. The
development of more accurate ways to measure BP is an important goal to help improve
diagnosis and evaluation of hypertension.??? Our study directly addresses this goal with the
discovery of distinct BP phenotypes in which intra-arterial BPs are significantly different but
standard cuff BP methods cannot discriminate this. While the phenotypes do not directly
improve the accuracy of cuff BP, better quality of BP measurements may be achieved by taking
individual phenotypic waveform characteristics into consideration, which should be a future
research priority. Ultimately, improvements to BP measurement accuracy should lead to better

hypertension management and cardiovascular risk stratification.

3.6 Novelty and Significance
What is new?

e This study has discovered distinctive BP phenotypes based on the level of systolic BP

amplification between the aorta, brachial and radial arteries.
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e Importantly, the BP measured invasively at the aorta was significantly different between
phenotypes, but this was not discriminated by standard cuff BP devices used in daily
clinical practice.

What is relevant?

e Development of more accurate ways to measure BP is an important goal to help improve
diagnosis and evaluation of hypertension.

e More accurate BP measurements may be achieved by taking individual phenotypic
waveform characteristics into consideration.

Summary

Although cuff BP is the reference standard for hypertension management, the method is
inaccurate and this can lead to BP misclassification. This study discovered distinctive BP
phenotypes that are related to cuff BP inaccuracy. This knowledge should ultimately lead to

improved BP measurement accuracy and better hypertension management.

3.7 Contribution of Chapter 3 to thesis aims

Cuff measured BP used in daily clinical practice has variable accuracy for measuring intra-
arterial BP. However, there has never been a definitive breakthrough in identifying the reasons
for this and potential ways to improve the method. Chapter 3 presents the discovery of four BP
phenotypes where distinct differences in intra-arterial aortic BP and arterial waveform
characteristics were observed across the four phenotypes, but these differences were not
discriminated by any of the cuff BP measures. Overall, the findings suggest improvements to
standard cuff device accuracy may be realised by accounting for individual phenotypic BP

differences related to differences in BP amplification and arterial waveform characteristics.

Brachial cuff BP is widely assumed to represent intra-arterial brachial BP, therefore several
specialist devices that purport to estimate aortic BP have been developed. Accuracy of these
devices has been closely scrutinised, with the major cause of error believed to be inaccurate
cuff BP calibration (scaling) of peripheral BP waveforms. There is also some evidence that the
level of SBP amplification could contribute to error in estimation of aortic BP.?2% % This could
be related to inaccurate BP waveform calibration caused by SBP amplification and the
generalised algorithms used to estimate aortic BP that might not detect individual differences
in SBP amplification. In Chapter 4 we aimed to determine the best calibration method to achieve

accurate estimated aortic BP and the influence of SBP amplification on the estimation.
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Chapter 4 - Intra-arterial analysis of the best calibration methods to
estimate aortic blood pressure

At the time of thesis submission this chapter in submission. The chapter has been formatted
according to the guidelines of Journal of Hypertension.

Picone DS, Schultz MG, Peng X, Black JA, Dwyer N, Roberts-Thomson P, Sharman JE. The
best calibration methods to estimate aortic blood pressure. Journal of Hypertension, second
invited revision, June 2018
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4.1 Abstract

Objective. Estimation of aortic blood pressure (BP) requires peripheral BP waveform
calibration. Mean arterial pressure (MAP)/diastolic BP (DBP) calibration is purported to
estimate aortic BP more accurately than systolic BP (SBP)/DBP calibration. However, this is
based on inaccurate cuff calibration. Thus, direct comparisons of each calibration method using

intra-arterial BP are required to confirm this, and was the aim of this study.

Methods. Ascending aortic, brachial and radial artery intra-arterial BPs were measured among
107 patients (61.9+10.0 years, 70% male) undergoing coronary angiography. Radial waveforms
were calibrated with brachial SBP/DBP and brachial MAP/DBP to directly test the accuracy of
estimated aortic SBP (derived using a commercial device) from each calibration compared with
intra-arterial aortic SBP. Estimated aortic BP accuracy from aortic MAP/DBP, brachial and
radial SBP/DBP calibrations of peripheral waveforms was also tested (six calibration methods

in total; all using intra-arterial BP).

Results. Estimated aortic SBP from brachial MAP/DBP calibration of radial waveforms had a
significantly smaller mean difference than from brachial SBP/DBP calibration (-0.7+7.5 mmHg
versus -6.9+7.3 mmHg, p<0.0001 for difference). Of the other calibration methods, estimated
aortic SBP was most accurate from aortic MAP/DBP calibration of radial waveforms (-1.8+5.0
mmHg, p=0.00023). However, for all calibration methods, aortic-to-brachial artery and/or

brachial-to-radial artery SBP amplification had a major influence on estimated aortic SBP.

Conclusions. Brachial and aortic MAP/DBP were confirmed as the best calibration methods to
estimate aortic SBP. But, irrespective of calibration method, accuracy was significantly
influenced by the level of SBP amplification. Thus, improved accuracy of estimated aortic SBP
should be possible by closer consideration of SBP amplification or individual waveform

characteristics that differ according to the level of SBP amplification.
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4.2 Introduction

The purpose of blood pressure (BP) measurement is to accurately determine the pressure
load at the aorta.> 201 Conventional upper arm cuff devices measure BP from signals detected
at the brachial artery.*® A problem with this approach is that cuff measured BP has variable
accuracy for determining intra-arterial BP at either the brachial artery or ascending aorta,
whether measured by mercury auscultation or oscillometry.”” We recently found that the
inaccuracy of cuff BP was related to variability in the transmission of central-to-peripheral SBP
(SBP amplification).??® Intra-arterial measurement of aortic BP is unethical and not feasible for
regular clinical use, and therefore specialist devices to non-invasively estimate aortic BP have
been developed.®? However, the accuracy of these devices has been called into question, 3 and
this may be related to variability in the level of SBP amplification.?> 2693

A principal issue that can affect the accuracy of estimated aortic BP is the calibration of
peripheral BP waveforms. Calibration is the process of scaling waveforms using units of
pressure.1%2 The main calibration methods are SBP/diastolic BP (DBP) or mean arterial pressure
(MAP)/DBP non-invasively measured from standard cuff BP. A recent meta-analysis found
that cuff MAP/DBP calibrations were more accurate for estimating central SBP,?° albeit with
substantial variability, most likely due to inaccurate cuff BP.1%2 A key remaining question is
whether SBP/DBP or MAP/DBP is the best calibration method for accurate estimation of aortic
SBP. This issue would be most appropriately addressed using precise calibration (of peripheral
intra-arterial BP waveforms) with intra-arterial SBP/DBP and MAP/DBP. We sought to
undertake this for the first time in this current study. We also sought to determine the impact of

intra-arterial central-to-peripheral SBP amplification on the accuracy of estimated aortic SBP.

4.3 Methods

211 consecutive patients scheduled to undergo diagnostic coronary angiography at the Royal
Hobart Hospital in Hobart, Australia, were screened for inclusion. All individuals had an
indication for the clinical procedure and were included irrespective of disease status, with the
exception of significant arrhythmia or aortic valve disease that may have introduced error into
pressure waveform recordings (n=10). Other exclusion criteria were: inter-arm difference of
cuff SBP and/or DBP >5 mmHg; inability to measure cuff BP in both arms prior to the
angiographic procedure (n=17); intra-arterial access via femoral artery (n=11); medical issues
arising during the clinical procedure that prevented the research protocol (n=34) or; technical
issues that adversely affected the quality of waveform recordings (n=9). Consent was declined

by n=4, leaving 126 eligible participants. All patients provided written informed consent for the
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study, which was approved by the University of Tasmania Health and Medical Human Research
Ethics Committee.

Intra-arterial data acquisition. Data acquisition was carried out according to ARTERY
guidelines,'? and the methods have been previously published.?% In brief, pressure waveform
recordings were obtained at the aorta, brachial and radial arteries via catheter pullback at the
end of the clinical procedure. Clinical information compiled at the time of the angiogram was
obtained via review of individual patient medical records. Digitized pressure signals recorded
in Volts were converted to pressure units (mmHg) as previously described.'%® From each arterial
site, consistent high-quality pressure waveforms were recorded for a minimum of 20 seconds
and ensemble averaged using a custom Matlab code. From 126 participants, 19 who had heart
rate differences of >5 beats/min between either the aortic-to-brachial, brachial-to-radial or

aortic-to-radial arterial measurement sites were excluded, leaving 107 participants for analysis.

Waveform processing and calculation of mean arterial pressure. The ensemble averaged
intra-arterial pressure waveforms were down sampled from 1000 Hz to 128 Hz for compatibility
with the SphygmoCor CVMS (AtCor Medical, West Ryde, Australia) software in simulation
mode. The intra-arterial aortic, brachial and radial waveforms were initially processed via
SphygmoCor and calibrated with the respective intra-arterial SBP and DBP (defined as the peak
and nadir of the waveform). MAP for each intra-arterial waveform was calculated by
SphygmoCor as the average of the calibrated ensemble averaged pressure waveform data
points.

Intra-arterial calibration methods to estimate aortic BP. Estimated aortic BP from
SphygmoCor is dependent on the input pressure waveform and the calibration of that waveform.
Calibration of pressure waveforms with SBP/DBP or MAP/DBP would produce the same
estimated aortic SBP in certain circumstances. For example, if a brachial waveform is calibrated
with the exact brachial BP values from that waveform, estimated aortic BP will be identical
irrespective of the calibration (i.e. SBP/DBP or MAP/DBP). On the other hand, using brachial
SBP/DBP to calibrate radial waveforms (which is the standard approach for radial tonometry),
could generate a different estimated aortic SBP compared to calibration with brachial
MAP/DBP.

Altogether, there were six different waveform and calibration combinations tested in this study
(Table 4.1). Only intra-arterial waveforms and intra-arterial calibrations were used in these six
different combinations. The first two, brachial SBP/DBP and brachial MAP/DBP calibration of
radial waveforms allowed for direct comparison of estimated aortic BP accuracy based on the

calibration method used. The other waveform and calibration combinations tested were brachial
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waveforms calibrated with aortic MAP/DBP or brachial SBP/DBP and radial waveforms
calibrated with aortic MAP/DBP and radial SBP/DBP. For all six waveform and calibration
combinations, the accuracy of estimated aortic BP was calculated as the difference between

estimated aortic BP minus measured (intra-arterial) aortic BP (Figure 4.1).

SBP amplification. The increase in SBP across the aorta-to-brachial and brachial-to-radial
arterial segments was defined as SBP amplification and calculated from the intra-arterial BP
recordings. SBP amplification was a variable of interest based on previous studies that suggest

it may be associated with the accuracy of estimated aortic BP.25 26, 93,111

Table 4.1 Calibration methods of intra-arterial brachial and radial blood pressure

waveforms used to estimate aortic blood pressure.

Blood pressures used for calibration Rationale

Radial waveforms

Brachial SBP/DBP Simulation of non-invasive brachial cuff SBP/DBP calibration.88
Brachial MAP/DBP Simulation of non-invasive brachial cuff MAP/DBP calibration. 188
Other waveform and calibration methods

Brachial waveforms

Aortic MAP/DBP Previously used to test generalised transfer functions, " 188

Simulation of non-invasive brachial cuff SBP/DBP calibration.'8
Brachial SBP/DBP
Calibration with brachial MAP/DBP produces an identical result.

Radial waveforms

Aortic MAP/DBP Previously used to test generalised transfer functions.1%> 188

Accounting for brachial-to-radial SBP amplification in waveform

Radial SBP/DBP calibration.

Calibration with radial MAP/DBP produces an identical result.

MAP, mean arterial pressure; DBP, diastolic blood pressure; SBP, systolic BP. All calibration

BPs were from intra-arterial recordings.
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Figure 4.1 Overview of the six intra-arterial waveform and calibration methods. The left
panel shows each of the waveform and calibration methods, where the bold font represents the
intra-arterial blood pressure (BP) waveform measurement site (brachial or radial), and the non-
emboldened font represents the intra-arterial BP calibration method. The middle panel
represents an overlay of the estimated aortic BP waveforms synthesised from the six waveform
calibration methods. The right panel represents the measured (intra-arterial) aortic BP
waveform. The accuracy of each estimated aortic BP was compared against this intra-arterial

aortic BP waveform. Only intra-arterial recordings were used for waveform calibration.
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Justification for estimation of aortic BP using brachial waveforms and a radial-to-aortic
transfer function. In two of the six intra-arterial waveform and calibration combinations
(described in Table 4.1), we estimated aortic BP from intra-arterial brachial waveforms with a
radial-to-aortic generalized transfer function. For this purpose, a brachial-to-aortic generalized
transfer function may be expected to be most appropriate, but this was not available for
retrospective waveform processing. Therefore, to determine if processing the intra-arterial
brachial waveforms with a radial-to-aortic generalized transfer function may contribute to error
in estimated aortic blood pressure compared with a brachial-to-aortic transfer function we
undertook additional analysis on non-invasive SphymoCor Xcel brachial waveforms collected
on 98 of the participants. Estimated aortic BP was derived from the Xcel device with a brachial-
to-aortic transfer function and the non-invasive brachial waveforms were then retrospectively
processed with SphygmoCor CVMS to generate estimated aortic BP using a radial-to-aortic
transfer function. This method allowed the comparison of the accuracy of estimated aortic BP
from brachial waveforms processed with either transfer function. This was the only analysis in

which non-invasive BP measurements were used.

Statistical analysis. Continuous data are presented as meantstandard deviation, categorical
variables as the number of observations and percentage. Paired T-tests were used to assess the
mean difference between estimated aortic and intra-arterial aortic BP as well as for differences
in estimated aortic BP from brachial SBP/DBP versus brachial MAP/DBP calibration of radial
waveforms. Root mean square error (RMSE) and mean absolute difference were also calculated
to determine directionless error between estimated and intra-arterial aortic BP. Pearson
correlations were used to assess univariable relationships between accuracy of estimated aortic
BP and SBP amplification. Linear regression models were developed to test univariable
associations after adjustment for known or potential confounders. P values <0.05 were regarded
as statistically significant. All data were synthesized and analyzed using R, version 3.4.0, R
Core Team (2014).
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4.4 Results

Clinical characteristics. The clinical characteristics of the study population were typical of
patients undergoing coronary angiography. Patients were predominantly middle-older aged
(61.9+10.0 years) and male (70%), with body mass index in the overweight range (29.3+5.1
kg/m?). Most patients had a history of hypertension (84%), type 2 diabetes was present in 24%
and 60% had at least one coronary artery stenosis. Intra-arterial BP and heart rate data are
presented in Table 4.2,

Table 4.2 Intra-arterial blood pressure, systolic blood pressure amplification and heart

rate among study participants

Variable Mean+SD 95% CI
Aortic systolic BP, mmHg 131421 127 to 135
Brachial systolic BP, mmHg 139+20 136 to 143
Radial systolic BP, mmHg 145422 141 to 149
Aortic mean arterial pressure, mmHg 93+11 91to 95
Brachial mean arterial pressure, mmHg 90+12 8810 92
Radial mean arterial pressure, mmHg 90+11 88 t0 92
Aortic diastolic BP, mmHg 6849 6710 70
Brachial diastolic BP, mmHg 6718 65 to 68
Radial diastolic BP, mmHg 65+8 63 to 66
Aortic-brachial systolic BP amplification, mmHg 8.0+9.3 6.2109.8
Brachial-radial systolic BP amplification, mmHg 5.9+10.3 39t07.9
Heart rate, beats/min 64+12 62 to 67

BP, blood pressure; SD, standard deviation; Cl, confidence interval. n=107.
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Estimated aortic BP. The best method to estimate aortic SBP was brachial MAP/DBP on radial
waveforms (Figure 4.1 and Table 4.3). Estimated aortic SBP from brachial MAP/DBP
calibration had a significantly smaller mean difference of the error than brachial SBP/DBP on
radial waveforms (-0.7£7.5 versus -6.9+£7.3 mmHg, p<0.0001 for difference). The RMSE and
mean absolute error of the estimated aortic SBP from brachial MAP/DBP calibration was also
lower than the brachial SBP/DBP calibration, however, the standard deviation was similar
(Table 4.3). Further, brachial MAP/DBP calibration had a significantly smaller mean difference
of the error than all other calibration methods (p<0.001) except aortic MAP/DBP calibration of
radial waveforms (p=0.073 for difference). Indeed, from the other waveform and calibration
combinations, aortic MAP/DBP calibration of radial waveforms produced the most accurate
estimated aortic SBP (-1.845.0 mmHg), and had the lowest RMSE (5.27) and mean absolute
error (4.13; Table 4.3). Using radial SBP/DBP instead of brachial SBP/DBP to calibrate radial
waveforms significantly increased the accuracy of estimated aortic BP (based on mean
difference; +3.8+7.9, p<0.0001). The standard deviation, RMSE and mean absolute error were
similar between brachial and radial SBP/DBP calibration of radial waveforms (Table 4.3).

Bland-Altman plots for all comparisons are presented in Figures 4.2- 4.3.
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Table 4.3 Estimated compared with intra-arterial aortic systolic blood pressure among study participants.

Intra-arterial aortic SBP, mmHg 131+21 - - - -
Estimated aortic Estimated aortic - intra- P-value RMSE Mean absolute error
SBP, mmHg arterial aortic SBP, mmHg

Waveform and calibration combination

Radial waveforms

Brachial SBP/DBP, mmHg 125+19 -6.9+7.3 <0.0001 10.0 7.72
Brachial MAP/DBP, mmHg 131+19 -0.7+£7.5 0.32 7.53 5.64
Other waveform and calibration methods

Brachial waveforms

Aortic MAP/DBP, mmHg 127+18 -4.4+4.8 <0.0001 6.47 5.20
Brachial SBP/DBP, mmHg 128+19 -3.4+7.1 <0.0001 7.87 6.16
Radial waveforms

Aortic MAP/DBP, mmHg 130+19 -1.8+5.0 0.00023 5.27 4.13

Radial SBP/DBP, mmHg 128+20 -3.1+8.4 0.00025 8.90 7.09

Data are meanzstandard deviation or mean. BP, blood pressure; SBP, systolic BP; MAP, mean arterial pressure; DBP, diastolic BP; RMSE, root mean square

error. P-value is for the difference between estimated — intra-arterial aortic SBP, quantified via paired T-tests. n=107.
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Figure 4.2 Bland-Altman plots of estimated aortic systolic blood pressure compared to
intra-arterial aortic systolic blood pressure.

Estimated aortic SBP was generated from radial waveforms using intra-arterial brachial
SBP/diastolic BP (DBP) calibration in panel A and intra-arterial brachial mean arterial
pressure/DBP calibration in panel B.
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Figure 4.3 Bland-Altman plots of other waveform and calibration combinations for
estimated compared with intra-arterial aortic systolic blood pressure.

Estimated aortic SBP was generated in the following ways: brachial waveforms calibrated with
aortic mean arterial pressure (MAP)/ diastolic BP (DBP), panel A; brachial waveforms
calibrated with brachial SBP/DBP, panel B; radial waveforms calibrated with aortic
MAP/DBP, panel C and radial waveforms calibrated with radial SBP/DBP, panel D.
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SBP amplification. Aortic-to-brachial SBP amplification was significantly and positively
associated with the accuracy of estimated aortic SBP (the difference between estimated and
intra-arterial aortic SBP) from all six waveform and calibration methods (Figures 4.4 and 4.5).
The strength of the correlations between aortic-to-brachial SBP amplification and accuracy of
estimated aortic SBP was highly variable, ranging from r=0.24 (aortic MAP/DBP calibration
of radial waveforms) to r=0.68 (brachial MAP/DBP calibration of radial waveforms and
brachial SBP/DBP calibration of brachial waveforms; Figures 4.4 and 4.5). Brachial-to-radial
SBP amplification was significantly correlated (negatively) with the accuracy of estimated
aortic SBP from radial waveforms calibrated with brachial SBP/DBP (r=-0.40, p<0.0001), but
not from brachial MAP/DBP calibration (r=0.058, p=0.56; Figure 4.4). From the other
calibrations, brachial-to-radial SBP amplification was positively correlated with the accuracy
of estimated aortic SBP from three of the four waveform and calibration combinations (Figure
4.5). Aortic-to-brachial SBP amplification remained significantly associated with the accuracy
of estimated aortic SBP (estimated — intra-arterial aortic SBP) from all calibration methods
after adjustment for age, sex, height, heart rate and estimated glomerular filtration rate (p<0.05
all, Table 4.4). Brachial-to-radial SBP amplification remained significantly associated with the
accuracy of estimated aortic SBP (in the four out of six waveform and calibration combinations
that had significant univariable associations), following adjustment for the same potential
confounders as the models for aortic-to-brachial SBP amplification (p<0.05 all, Table 4.5).
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Figure 4.4 SBP amplification and estimated aortic SBP from intra-arterial brachial

SBP/DBP or brachial MAP/DBP calibration of radial waveforms.

Scatter plots highlighting the relationship between systolic blood pressure (SBP) amplification

(x-axis) and estimated aortic BP accuracy (estimated aortic SBP minus intra-arterial aortic

SBP; y-axis). Estimated aortic SBP was generated from radial waveforms using the following

calibrations: brachial SBP/diastolic BP (DBP), panels A and B; brachial mean arterial pressure

(MAP)/DBP, panels C and D. Pearson correlation coefficients and corresponding p-values are

presented with each panel. All calibration values are from intra-arterial BP recordings.
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Figure 4.5. SBP amplification and estimated aortic SBP from different calibration methods.

Scatter plots highlighting the relationship between systolic blood pressure (SBP) amplification (x-axis) and estimated aortic BP accuracy (estimated
aortic SBP minus intra-arterial aortic SBP; y-axis). Estimated aortic SBP was generated in the following ways: brachial waveforms calibrated with
aortic mean arterial pressure (MAP)/ diastolic BP (DBP), panels A and B; brachial waveforms calibrated with brachial SBP/DBP, panels C and
D; radial waveforms calibrated with aortic MAP/DBP, panels E and F and; radial waveforms calibrated with radial SBP/DBP, panels G and H.
Pearson correlation coefficients and corresponding p-values are presented with each panel. All calibration values are from intra-arterial BP

recordings.
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Table 4.4. Association between aortic-to-brachial systolic blood pressure amplification and accuracy of estimated aortic systolic blood
pressure (difference between estimated aortic and intra-arterial aortic systolic blood pressure) among study participants.

Waveform and Model Aor-bra SBP-amp Age Sex (1=male)  Height Heart rate eGFR

calibration combination  adjusted R?

Radial waveforms

Brachial SBP/DBP 0.298 0.38 (0.23 to -0.053 (-0.20 1.18 (-2.45t0  -0.033 (-0.21 -0.15(-0.25to0  0.042 (-0.029
0.53) § to 0.088) 4.73) to 0.14) -0.039)t to 0.11)

Brachial MAP/DBP 0.508 0.61 (0.48 to 0.030 (-0.095 0.84 (-2.31to  -0.052 (-0.20 -0.16 (-0.25to  -0.017 (-0.045
0.74) 8§ to 0.15) 3.93) to 0.098) -0.067) 1 to 0.077)

Other waveform and calibration methods

Brachial waveforms

Aortic MAP/DBP 0.14% 0.14 (0.027 to -0.036 (-0.14 1.00 (-1.62to  -0.004 (-0.12 -0.14 (-0.21to  -0.00014 (-
0.24)* to 0.066) 3.56) to 0.13) -0.059) £ 0.051to

0.050)

Brachial SBP/DBP 0.508 0.57 (0.45to 0.035(-0.084 0.94 (-2.06to  -0.041 (-0.19 -0.16 (-0.25to0  0.024 (-0.035
0.69) 8§ to 0.15) 3.87) to 0.10) -0.069) £ to 0.082)

Radial waveforms

Aortic MAP/DBP 0.16% 0.16 (0.050 to -0.030 (-0.14 0.86 (-1.83t0  0.0022 (-0.13  -0.16 (-0.24to  -0.0073 (-
0.27) t to 0.074) 3.50) t0 0.13) -0.077) % 0.060 to

0.045)

Radial SBP/DBP 0.20% 0.31(0.13to -0.034 (-0.14 -0.11 (-4.55t0 0.16 (-0.052to -0.18 (-0.31to 0.041 (-0.046

0.49) t to 0.21) 4.23) 0.37) -0.048)* t0 0.13)
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Data are unstandardized beta (95% confidence interval). *p<0.05; 1p<0.01, $p<0.001, §p<0.0001. BP, blood pressure; SBP, systolic BP; MAP;
mean arterial pressure; DBP, diastolic BP; Aor-bra SBP-amp, aortic-to-brachial SBP amplification; Bra-Rad SBP-amp, brachial-to-radial SBP
amplification; eGFR, estimated glomerular filtration rate. n=107.

Table 4.5. Association between brachial-to-radial systolic blood pressure amplification and accuracy of estimated aortic systolic blood pressure

(difference between estimated aortic and intra-arterial aortic systolic blood pressure) among study participants.

Waveform and Model adjusted R> Bra-Rad SBP-amp  Age Sex (1=male) Height Heart rate eGFR

calibration

combination

Radial waveforms

Brachial SBP/DBP 0.298 -0.30 (-0.42 to - -0.086 (-0.23 0.61(-3.03to 0.16 (-0.0069 -0.076 (-0.18 0.066 (-0.0042
0.18) § to 0.053) 4.16) to 0.33) to 0.026) to 0.14)

Brachial MAP/DBP 0.065 0.029 (-0.11t0 0.16) -0.076 (-0.24 0.38(-3.92to 0.14 (-0.059  -0.037 (-0.16 0.062 (-0.021

to 0.089) 4.59) to 0.34) to 0.084) to 0.14)

Other waveform/calibration methods

Brachial waveforms

Aortic MAP/DBP 0.137 0.094 (0.009 to -0.069 (-0.17 0.97 (-1.66to 0.027 (-0.097 -0.11(-0.18  0.011 (-0.040
0.18)* to 0.032) 3.55) to 0.15) t0-0.032) + t00.061)

Brachial SBP/DBP 0.080* -0.033 (-0.16 to -0.058 (-0.22 0.45(-3.60to 0.15(-0.036  -0.044 (-0.16 0.066 (-0.013
0.096) to 0.098) 4.42) to 0.34) to 0.070) to 0.14)

Radial waveforms

Aortic MAP/DBP 0.16% 0.13(0.040t0 0.21) -0.071(-0.18 0.85(-1.85to 0.026 (-0.10  -0.12(-0.20  0.0063 (-0.046
t to 0.032) 3.48) to 0.15) t0-0.044) t 10 0.058)
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Radial SBP/DBP 0.428 0.45(0.33t00.57) § -0.067 (-0.33 -0.043 (-3.74 0.16(-0.019 -0.10(-0.21  0.070 (-0.0033
to 0.57) to 3.75) to 0.33) to 0.0018) to 0.14)

Data are unstandardized beta (95% confidence interval). *p<0.05, 1p<0.01, 1p<0.001, §p<0.0001. BP, blood pressure; SBP, systolic BP; MAP; mean
arterial pressure; DBP, diastolic BP; Aor-bra SBP-amp, aortic-to-brachial SBP amplification; Bra-Rad SBP-amp, brachial-to-radial SBP amplification;

eGFR, estimated glomerular filtration rate. n=107.
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4.5 Discussion

The best calibration method of peripheral waveforms to accurately estimate aortic BP has been
extensively debated, but is yet to be fully understood. There were several novel findings from
this study. First, we confirmed the best calibration method to estimate aortic SBP was intra-
arterial MAP/DBP on radial waveforms, not SBP/DBP. Second, we found that SBP
amplification from the aorta-to-brachial or the brachial-to-radial arteries had a major influence
on the accuracy of estimated aortic SBP. Moreover, even when the most accurate calibration
was used, there was a significant positive association between the level of aortic-to-brachial
SBP amplification and higher estimated aortic SBP. The findings suggest that MAP/DBP is the
best calibration method for peripheral (radial) BP waveforms (based on the smallest mean
difference) to achieve accurate estimated aortic BP, but this may be improved by better
consideration of SBP amplification or perhaps individual waveform characteristics that are

related to amplification.

Several previous studies have tested the accuracy of estimated aortic SBP (more
specifically, the generalized transfer function) using intra-arterial aortic MAP/DBP calibration
of BP waveforms,106: 118 178,188 The present study extends on these by using calibrations from
intra-arterial BP at central (aorta) and peripheral (brachial and radial) arterial sites. Calibration
of brachial or radial waveforms with the corresponding BP values at each arterial site was
expected to produce the most accurate estimate of aortic SBP. However, the reverse was
observed. One explanation is that the generalized transfer function used by SphygmoCor
assumes that MAP is equivalent between central and peripheral arteries.’®® Thus, if brachial
MAP is closer to aortic MAP than radial MAP then brachial MAP/DBP calibration may produce

a better estimate of aortic SBP.

The small mean difference and low variability (RMSE and mean absolute difference)
of estimated aortic SBP from intra-arterial aortic and brachial MAP/DBP calibration of radial
waveforms in this study has not been achieved in studies using non-invasive (cuff) calibration
of BP waveforms. The poor accuracy of estimated aortic SBP has generally been attributed to
errors in cuff measured BP which would result in inaccurate waveform calibration. However,
even though intra-arterial aortic MAP/DBP calibration was one of the best methods and had the
lowest variability of measurement error, there was still >10 mmHg error in five participants
(Figure 4.3). This shows the method could be modified further to reduce these errors and help

individualise estimation of aortic BP to deliver better management of BP.

Some investigators have shown estimated aortic SBP is more accurate, 2° and clinically
relevant % 9 101 when MAP/DBP, compared to SBP/DBP is used for calibration of BP

109



waveforms. SBP/DBP is the most common and recommended calibration method for radial BP
waveforms.’?* However, even when we used intra-arterial brachial SBP/DBP for radial
waveform calibration, intra-arterial aortic SBP was significantly underestimated (Table 4.3).
Intra-arterial brachial MAP/DBP calibration reduced the average error significantly. But,
translating MAP/DBP calibration to a non-invasive setting could be difficult because most
oscillometric devices do not typically report MAP. Furthermore, calculating MAP using
equations based on SBP and DBP is not recommended due to the potential for large individual
patient level errors.'?* 182 True MAP is dependent on the waveform shape since, by definition,
MAP is the average of pressure points in the waveform. When we calibrated the radial
waveforms with intra-arterial brachial MAP/DBP, the estimated aortic SBP was significantly
more accurate (smaller mean difference, although similar variability), than from the intra-
arterial brachial SBP/DBP calibration (-0.7+£7.5 mmHg versus -6.9+7.3 mmHg. p<0.0001). A
possible reason for this difference in estimated aortic BP is that brachial SBP/DBP calibration
does not account for brachial-to-radial SBP amplification,?® ° which was on average 5.9+10.3
mmHg. On the other hand, MAP is relatively consistent through the large arteries, 1% thus
calibration with MAP/DBP should provide a better calibration because it partially removes the
influence of brachial-to-radial SBP amplification on estimated aortic SBP. Indeed, this
hypothesis is supported by the significant association between underestimation of aortic SBP
from brachial SBP/DBP calibration and brachial-to-radial SBP amplification that was not
observed from brachial MAP/DBP calibration (Figure 4.4).

Our novel findings suggest that SBP amplification may influence the accuracy of
estimated aortic SBP using current devices that purport to measure aortic BP.1%2 In all the
calibration methods tested, greater overestimation of aortic SBP was independently related to
higher aortic-to-brachial SBP amplification (Table 4.4). In four of the six calibration methods,
brachial-to-radial SBP amplification was also related to accuracy (Table 4.5). The correlation
between the accuracy of estimated aortic SBP (estimated — intra-arterial aortic SBP) and SBP
amplification could be related to an error by the device algorithm that models the relationship
between peripheral and aortic waveforms (i.e. the generalized transfer function).? 224 Across
different levels of SBP amplification there are distinct differences in pressure waveform
characteristics.??® Thus, accounting for these pressure waveform characteristics could help
improve the accuracy of estimated aortic BP via modification of device algorithms or to create
BP dependent correction factors. Novel methods to achieve more accurate estimated aortic BP
may also emerge with advances in technology (e.g. bioinformatics or artificial intelligence) 22°

that are separate from conventional waveform methods employed to date.
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The main strength of this study is the large dataset of intra-arterial BP measures collected
under recommended research conditions.1%? Nonetheless, fluid-filled, as opposed to solid-state,
catheters were used and error may be introduced if these are not handled carefully. However,
the research protocol was in accordance with expert consensus guidelines, thus this potential
limitation is expected to be minimal. Study participants were of a relatively wide age and BP
range, but even so, study findings may not be widely generalizable outside patients undergoing
cardiac catheterization. Last, in two of the waveform and calibration methods we estimated
aortic BP from brachial waveforms using a radial-to-aortic transfer function. This means that
some of the error in estimated aortic BP from brachial waveforms may be due to the generalized
transfer function and not the calibration method. However, the sub-analysis of SphymoCor
CVMS and Xcel data suggests that error due to the transfer function will be negligible, and this
is because the brachial-to-aorta generalized transfer function is based on the radial-to-aorta
generalized transfer function. Furthermore, the results from this study may be specific to the
SphygmoCor generalized transfer function, even though many methods to estimate aortic BP

are substantially equivalent to this technique.t’ 226227

Conclusions. This study showed that intra-arterial brachial and aortic MAP/DBP calibration of
radial waveforms were the best methods to accurately estimate aortic SBP. However, accuracy
was greatly influenced by the level of SBP amplification. Into the future, closer analysis and
greater understanding of SBP amplification or individual waveform characteristics that differ
according to the level of SBP amplification may help to achieve more accurate BP
measurement, perhaps via modification of device algorithms, BP-dependent correction factors

or other novel approaches.

4.6 Contributions of Chapter 4 to thesis aims

There is ongoing uncertainty related to the accuracy of devices that estimate aortic BP, centred
around the most appropriate way to calibrate peripheral BP waveforms, 2% 89-91.102.125.126 O, the
issue of waveform calibration, some recent evidence has shown cuff MAP/DBP may lead to
more accurate estimates of aortic BP than cuff SBP/DBP calibration.?® As shown in Chapter 2
cuff BP is inaccurate compared with intra-arterial BP. But, if cuff BP was improved such that
it was accurate, it is unclear what the best calibration method to obtain an accurate estimated
aortic BP would be. This question was theoretically addressed in Chapter 4 by using precision
intra-arterial BP measurements to accurately calibrate the waveform in the study presented in
Chapter 4. The influence of SBP amplification on the accuracy of estimated aortic BP was also
examined. The study showed that brachial MAP/DBP calibrated radial BP waveforms produced
more accurate estimated aortic BP than brachial SBP/DBP calibrations. But, SBP amplification
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had a major influence on accuracy for even the most accurate estimates of aortic BP. The
associations observed between SBP amplification and accuracy of estimated aortic BP support
the modification of methods used to estimate aortic BP, with potential avenues to improve BP
measurement including BP-dependent correction factors, refinement of device algorithms or
novel approaches that seek to account for individual waveform characteristics that are related

to SBP amplification.
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Chapter 5 - Conclusions and future directions

113



This thesis provides novel insights on the accuracy of BP measurement. The study program
represents a major advance in understanding the strengths and limitations of BP measurements
and possible ways to improve these. Improving methods of BP measurement was a key research
goal identified in the 2016 Lancet commission on hypertension.!®® Better BP measurement
should improve detection and treatment of high BP. Notionally, this would result in lower rates
of cardiovascular disease, improving patient outcomes as well as reducing the immense costs
that are associated with high BP.%? In Chapter 2, the first ever comprehensive analysis on the
accuracy of cuff measured BP compared to intra-arterial BP was completed, and this showed
there was considerable variability in the accuracy of cuff methods which adversely affected
classification of BP. However, the reasons for inaccuracy were unclear. In Chapter 3 a possible
reason for cuff inaccuracy was identified with the discovery of four BP phenotypes based on
variable central-to-peripheral BP transmission (SBP amplification). These phenotypes were
significantly different based on intra-arterial aortic BP, but were not discriminated by cuff BP.
Distinct from cuff measured BP, in Chapter 4, the accuracy of a specialist device used to
estimate aortic BP was tested. The most accurate estimated aortic SBP was found when radial
BP waveforms were calibrated (scaled) using brachial MAP/DBP instead of the more
commonly used brachial SBP/DBP calibration. But importantly, SBP amplification had a major
influence on accuracy, even for the most accurate estimates. Altogether, the studies in this thesis

comprehensively expand understanding of the accuracy of BP measurements.

The key novel finding from Chapter 2 was that inaccuracy of cuff BP adversely influenced BP
classification, particularly in prehypertension (120/80 to 139/89 mm Hg) and stage one
hypertension (140/90 to 159/99 mm Hg). An important next step is to improve current BP
device validation and testing criteria, and there are several key issues to address. Multiple
validation criteria exist, that have been defined by different organisations such as the British
Hypertension Society, European Society of Hypertension (ESH) and Association for the
Advancement of Medical Instrumentation (AAMI).%° Each criteria have important differences
in terms of accuracy criteria, number of patients and characteristics and required BP ranges,
recently summarised in detail by Beime et al.>® The differences create confusion on the best
way to validate new BP monitors, and importantly some protocols can theoretically validate a
device that is inaccurate in over half of the study population.’®® However, there is progress in

this area, with the ESH and AAMI working together on a consensus for validation criteria.??®

Another important issue that needs to be addressed is the testing and approval of BP devices
that are deemed “substantially equivalent” to older, similar devices.??® The Food and Drug
Authority (FDA) in America will approve BP devices for sale if they are deemed as safe and

effective as an approved device. The problem with this process is that the accuracy of the new,
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‘substantially equivalent’ device is unclear and in some instances no testing of the new device
is performed.??® This issue could contribute to the poor accuracy of many of the oscillometric
devices studied in Chapter 2. Tightening of the FDA processes could help to improve the
accuracy of non-invasive BP devices that are available for clinical use. Action on this issue

should then lead to improved management of BP.

A study on the health economics of cuff BP inaccuracy would also be beneficial. The economic
impact of inaccurate BP classification by the cuff compared with intra-arterial BP could be
substantial. One way to perform this analysis could be to use Markov modelling and a detailed
cost utility analysis. It would be expected that more accurate BP measurements would more
accurately predict quality adjusted life years and therefore be more cost effective than
inaccurate BP measurements. This work would add to knowledge around the potential impact
of cuff BP inaccuracy, which is critically important given the billions of dollars high BP costs

every year across the world.*?

Another interesting area of future study would be to address how cuff BP inaccuracy could
influence absolute cardiovascular risk prediction via calculations such as the Framingham risk
score.?? The algorithm has several input variables, but the impact of cuff BP error on the overall
risk score is currently unknown. This study would be of interest with current recommendations
of some organisations to treat absolute cardiovascular risk instead of single risk factors.?31-23
It could be hypothesised that a small error in BP measurement would not substantially change
the risk score, but a larger error could have a greater effect, and potentially shift the risk category
of the patient (e.g. from low risk to medium or high risk) and therefore impact treatment
decisions. The size of the effect would likely also depend on the values of the other input

variables.

Inaccuracy of cuff measured BP could also provide an explanation for two epidemiological
concepts, masked hypertension (normal clinic BP, raised out-of-office BP)?** 2% and residual
cardiovascular risk (patients with treated hypertension that have higher than usual risk).2°” Both
concepts might be explained by cuff inaccuracy (underestimation) of BP. In masked
hypertension, high BP may be identified later using a different device and a more robust
measurement method that takes a series of measures over time (e.g. 24-hour ambulatory BP or
home BP). Patients with ‘residual risk’ have apparently controlled BP, but underestimation by
cuff BP could mean they are being undertreated. Therefore, these patients would have
uncontrolled BP, and this would lead to the higher risk of cardiovascular disease observed, not
residual risk.
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The results in Chapter 3 revealed the first in-human discovery of four novel BP phenotypes that
were related to cuff accuracy. The findings may have important clinical implications, because
patients in phenotypes 3 and 4 had significantly raised aortic SBP that was completely missed
by cuff SBP. However, a large scale prospective study (e.g. n>1000) would be required to
precisely understand the relation of the phenotypes to clinical outcomes. This kind of study is
feasible because of the large number of cardiac catheterisations that are performed around the
world every year. The possible primary outcomes could include sub-clinical organ damage
markers (e.g. carotid intima-media thickness, left ventricular mass, albumin-creatinine ratio)
and/or hard cardiovascular endpoints obtained via data linkage such as cardiovascular mortality
and hospitalisations or procedures due to adverse cardiovascular and other clinical events. If
the BP phenotypes showed important clinical relevance above and beyond standard cuff BP,
this would provide a strong rationale for the development of new, improved methods of non-
invasive BP measurement. Such a finding could lead to a paradigm shift in the way BP is
measured in the future, whether by a cuff-based device or an entirely novel method.

A second interesting area of future research could aim to characterise the physiology underlying
each BP phenotype. This could be achieved by collecting more detailed haemodynamic
measurements simultaneous with intra-arterial BP. For example, ultrasound measurements
across the upper-limb arteries could provide important insights into the mechanisms underlying
the different BP phenotypes. Arterial structure and function measurements could be obtained
from ultrasound, providing information on arterial diameters, tapering, blood flow and
compliance. Patients in phenotypes 3 and 4 (with significantly higher aortic BP) would be
expected to have greater arterial stiffness and abnormal blood flow patterns. These
abnormalities could manifest in evidence of sub-clinical organ damage whereby carotid intima
media thickness and left ventricular mass would be significantly higher in patients with
phenotypes 3 and 4. Fitting the patients with the gold standard of non-invasive cuff BP, a 24-
hour ambulatory BP monitor would also provide additional useful information. Analysis of 24-
hour BP data would be important to determine if the phenotypes could be discriminated on the

basis of the repeated measures taken during monitoring period.

Improved characterisation of the aortic, brachial and radial intra-arterial BP waveforms via
waveform separation techniques would also strengthen understanding of the BP phenotypes.
One separation technique is the reservoir-excess pressure model,?1% 23 where BP waveforms
are separated into reservoir and excess pressure components. The reservoir component is related
to arterial compliance and resistance to flow, and the excess pressure is related to flow waves.?3®
This model is both physiologically plausible?!® 2% and clinically relevant.?®"-4! Phenotypes 3

and 4 would be expected to have a higher reservoir pressure (due to suspected higher aortic
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stiffness) and higher excess pressure, due to greater augmentation of the BP waveform.
Altogether, greater understanding of the physiological differences between the four phenotypes
could lead to development of a non-invasive method to accurately identify each phenotype.
This would be a major step forward and would enable testing the prevalence and potential
clinical relevance of the phenotypes in populations beyond patients undergoing cardiac
catheterisation (e.g. healthy, younger people). This could prove to be a novel tool for early

identification of people at high cardiovascular risk.

The results of Chapter 4 showed brachial MAP/DBP calibration of radial waveforms was the
most accurate way to estimate aortic BP, but that SBP amplification had a major influence on
accuracy. This work adds an important contribution to current literature on the best way to
estimate aortic BP. The immediate implications of this work are that radial waveforms
processed using the SphygmoCor should be calibrated with MAP/DBP. However, obtaining
MAP non-invasively often requires a calculation based on SBP and DBP (e.g. MAP=[(2*DBP)
+ SBP]/3). These types of equations may be inaccurate in many patients, which would cause
error in estimated aortic BP.'2* 182 Using oscillometric MAP could improve the non-invasive
calibration methods because this is independent of SBP and DBP,!8 although accuracy of this
technique may be specific to certain devices.!? Furthermore, oscillometric devices seldom

display MAP, which creates a problem for implementation of these findings.

Future work could also aim to perform a similar study using a different type of device that
purports to estimate aortic BP. Currently >10 different devices that estimate aortic BP are
available,®? and therefore the results from Chapter 4 may not be generalisable beyond the
SphygmoCor device. In such studies, MAP/DBP would be expected to be more accurate than
SBP/DBP calibration for estimation of aortic BP. SBP amplification would also be associated
with the accuracy of estimated aortic BP, although this might only be true in devices that

estimate aortic BP via generalised transfer functions.

Other future studies could aim to better understand individual BP waveform features associated
with SBP amplification and the error in estimated aortic BP. Better knowledge of these
characteristics could help to improve BP measurement and potentially lead to greater accuracy
via BP dependent correction factors or modification of device algorithms such as generalised
transfer functions. Altogether, this work has the potential to improve and individualise the way
BP is measured, so that accurate BP measurement is possible in all people. This should then
lead to tangible improvements in diagnosis and management of BP, and ultimately reduce the

burden of cardiovascular disease worldwide.
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Appendix 1

Appendix 1 presents information from the Online-only supplemental content from the
publication that is presented in Chapter 2 (Accuracy of cuff measured blood pressure:
systematic reviews and meta-analyses) of this thesis. The supplemental content was peer-
reviewed as part of the overall process for journal publication. Some parts of the original
supplemental content have been integrated within Chapter 2 to improve clarity and ease of

understanding, with the remainder presented here.
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Appendix 1.1 Unpublished study methods
Meta-analysis 1.
Picone et al

52 participants undergoing cardiac catheterization at the Royal Hobart Hospital were studied.
Exclusion criteria included arrhythmia or acute myocardial infarction. Upon completion of the
diagnostic cardiac catheterization, a fluid-filled catheter was positioned in the ascending aorta
and confirmed by fluoroscopy. The catheter was flushed and continuous, stable BP waveform
recordings were made for 20 seconds. The catheter was then immediately pulled back to the
brachial artery (mid-humerus and confirmed by fluoroscopy) and flushed before recordings
were made. A brachial cuff (placed on the contra-lateral upper arm as part of concurrent studies)
was then inflated. Stable brachial BP waveform recordings 20 seconds prior to the completion
of cuff deflation were used in the analysis. No major hemodynamic shift between the aortic and
brachial BP measurements was observed. The intra-arterial pressure signal was converted from
Volts to mm Hg via a 2-point calibration method (LabChart version 7.1, AD Instruments,
Colorado Springs, CO, USA). The University of Tasmania Health and Medical Human
Research Ethics Committee approved the study protocol and participants signed informed

consent.

Cheng et al

Study methods were the same as those for Cheng et al, 2010.
Pucci et al

29 participants undergoing diagnostic catheterization were studied. Exclusion criteria were:
history of peripheral arterial disease, aortic aneurysm, absent brachial or radial pulses or known
obstructive large artery atherosclerotic disease, active malignancy, hypotension (SBP <90mm
Hg), valvular heart disease, known left ventricular dysfunction (ejection fraction <50%) or
arrhythmias (including frequent ventricular and supraventricular premature beats). A fluid-
filled catheter was used for all hemodynamic recordings. Firstly, intra-arterial ascending aortic
BP was recorded and then the catheter was pulled back to the brachial artery site (using a pre-
defined length) in about 5-10 seconds. Intra-arterial brachial artery BP was then recorded. The
fluid-filled catheter-manometer system (ACIST medical systems, Eden Prairie, MN, USA). The
study protocol was reviewed and approved by the institutional ethics committee. Written

informed consent was obtained from each patient.
Meta-analysis 2

Picone et al
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40 participants undergoing cardiac catheterization at the Royal Hobart Hospital were studied.
Exclusion criteria included arrhythmia or acute myocardial infarction. Upon completion of the
diagnostic cardiac catheterization, a fluid-filled catheter was positioned mid-humerus. A
brachial cuff (placed on the contra-lateral upper arm) was then inflated whilst intra-arterial BP
waveforms were simultaneously recorded. The intra-arterial pressure 20 seconds prior to the
completion of cuff deflation was used in the analysis. The intra-arterial pressure signal was
converted from Volts to mm Hg via a 2-point calibration method (LabChart version 7.1, AD
Instruments, Colorado Springs, CO, USA). The University of Tasmania Health and Medical
Human Research Ethics Committee approved the study protocol and every participant signed

informed consent.

Cheng et al

Study methods were the same as those for Cheng et al, 2010.
Pucci et al

29 participants undergoing diagnostic catheterization were studied. Exclusion criteria were:
history of peripheral arterial disease, aortic aneurysm, absent brachial or radial pulses or known
obstructive large artery atherosclerotic disease, active malignancy, hypotension (SBP <90mm
Hg), valvular heart disease, known left ventricular dysfunction (ejection fraction <50%) or
arrhythmias (including frequent ventricular and supraventricular premature beats). A fluid-
filled catheter was used for brachial artery recordings (ACIST medical systems, Eden Prairie,
MN, USA). Brachial cuff BP was measured simultaneously with intra-arterial brachial artery
BP from the contralateral arm. The study protocol was reviewed and approved by the

institutional ethics committee. Written informed consent was obtained from each patient.
Meta-analysis 3
Broyd et al

Patients undergoing diagnostic angiography were recruited. Prior to angiography the brachial
cuff of an oscillometric device was applied to the left upper arm. Intra-arterial access was
achieved through either a radial or femoral approach and a 6 French catheter was inserted into
the ascending aortic under fluoroscopic guidance and positioned approximately 1cm above the
aortic valve. Central pressure was collected intra-arterially from the tip of the fluid-filled
catheter using a Combomap console (Volcano Corporation, San Diego, CA). Prior to each
measurement, catheters were flushed and the BP trace visually inspected for quality. During all
recordings, transducers were maintained at heart level. A simultaneous non-invasive measure

was recorded using the suprasystolic blood pressure device (Pulsecor R6.5; Auckland, New
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Zealand), ensuring a signal quality was excellent. Meticulous attention was paid to the timing
of the non-invasive data acquisition and the identical portion of the intra-arterial data was

exported.

Cheng et al

Study methods were the same as those for Cheng et al, 2010.
Korolkova et al

Study methods were the same as those for Park et al, 2014.
Picone et al

We studied 146 participants undergoing cardiac catheterization at the Royal Hobart Hospital.
Exclusion criteria included arrhythmia, aortic stenosis or acute myocardial infarction. Prior to
the cardiac angiogram, a fluid-filled catheter was positioned in the ascending aorta, confirmed
by fluoroscopy. The catheter was flushed and recording commenced. An oscillometric cuff was
then inflated to obtain brachial cuff BP. Ten seconds of steady state intra-arterial aortic BP was
analyzed, and this was recorded approximately 10 seconds after the brachial cuff BP, to
coincide with non-invasive central BP estimation. The intra-arterial pressure signal was
converted from Volts to mm Hg via a 2-point calibration method (LabChart version 7.1, AD
Instruments, Colorado Springs, CO, USA). The University of Tasmania Health and Medical
Human Research Ethics Committee approved the study protocol and every participant signed

informed consent.
Pucci et al

29 participants undergoing diagnostic catheterization were studied. Exclusion criteria were:
history of peripheral arterial disease, aortic aneurysm, absent brachial or radial pulses or known
obstructive large artery atherosclerotic disease, active malignancy, hypotension (SBP <90mm
Hg), valvular heart disease, known left ventricular dysfunction (ejection fraction <50%) or
arrhythmias (including frequent ventricular and supraventricular premature beats). A fluid-
filled catheter was used for intra-arterial aortic BP recordings (ACIST medical systems, Eden
Prairie, MN, USA). Intra-arterial ascending aortic BP was recorded and then the catheter was
pulled back to the brachial artery site (using a pre-defined length) in about 5-10 seconds.
Brachial cuff BP was measured simultaneously with intra-arterial brachial artery BP. Brachial

cuff BP and intra-arterial aortic BP data was extracted and used in the present meta-analysis.
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Appendix 1.2 Methods for data extraction from published tables.

Meta-analysis 1
Gould and Shariff et al, 1969150

Data were extracted from Table 1 on page 35 of the publication. Intra-arterial aortic BP was
extracted from the column labelled “Aorta”, and intra-arterial brachial BP from the column
labelled “B.A”.

Kavanagh-Gray, 1964

Data were extracted from Table | page 1469 of the publication. Clinical characteristics were
extracted from the “Sex” and “Age” columns. Intra-arterial brachial systolic and diastolic BP
was extracted from the column “Brachial artery pressure (mm. Hg) S/D”. Intra-arterial aortic
systolic and diastolic BP were extracted from the column “Central aortic pressure (mm. Hg)
S/D”.

Kelly et al, 19902

Data were extracted from Table | on page 141 of the publication. Clinical characteristics were
extracted from the “Age” and “Sex” columns. Intra-arterial ascending aortic systolic and
diastolic BP were extracted from the columns labelled “AA systolic” and “AA diastolic”. Intra-
arterial brachial systolic and diastolic BP were extracted from the columns labelled “BA
systolic” and “BA diastolic”. Heart rate data was extracted from the column labelled “Heart
rate”. In all cases only the data labelled “C” were extracted because this was collected under

control (baseline conditions).
Meta-analysis 2
Berliner et al, 19611°

Table 1 (pages 11-12) of the publication reported the brachial cuff BP and the highest and
lowest intra-arterial brachial BP taken during a simultaneous recording period. The highest and
lowest intra-arterial brachial BP values were averaged and used in the meta-analysis.

Freis et al, 19681
Data was extracted from Table 5 of the publication (page 1093) and used for analysis.
Gelman et al, 19811°

Table 2 of the publication (page 370) reported a “representative raw data sample” of Group 3

(Cardiac catheterizations). Data from five subjects was reported and the IBP column (brachial
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cuff BP) and the BAP column (intra-arterial brachial BP) were extracted and used in the meta-

analysis.
Hunyor et al, 1978%°

This study compared seven different brachial cuff BP device against intra-arterial brachial BP
in nine participants. The individual data was presented in Table 2 (page 161). Data from the
comparison between brachial cuff BP device *“Accoson” (a standard mercury
sphygmomanometer) and intra-arterial brachial BP was used in the meta-analysis.

Raftery and Ward, 196862

Data were extracted from Table 1 (page 212) of the publication. Age, height, weight were
extracted as clinical characteristics. Brachial cuff systolic and diastolic BP data were extracted
from the “indirect” column in the “systolic” section and the “Phase V diastolic” section. Intra-

arterial brachial BP were extracted from the “direct” columns of the same sections of the table.
Roberts et al, 195368

Table 1 of the publication (pages 234-235) reported the individual brachial cuff and intra-
arterial brachial BP data. Column 4 reported the brachial cuff data and was labelled “Cuff”.
This column corresponded to the intra-arterial brachial column labelled “Sanb.” Both these
columns were extracted and used in analysis. The diastolic BP extracted was from the 5%
Korotkoff sound, unless this value was 0, in which case, the 4™ Korotkoff sound was extracted.

Meta-analysis 3
Borow et al, 1982167

Clinical data (age, sex and heart rate) were extracted from Table 1 on page 881 of the
publication. Systolic and diastolic blood pressure data from the “Mean Ao” and “Mean Din”
columns were extracted from Table Il on page 882 of the publication. “Din” refers to the

brachial cuff device that was used in the study, the Dinamap 845.
Nagle et al, 1966172

This study comprised two subjects. The supine resting “direct recording” and *“auscultation”
systolic and diastolic blood pressures were extracted from Table 1. Heart rate during supine rest
was extracted from Table 2, as well as subject age and weight. Under the heading “Procedures”

in the text of the publication, the authors state that both subjects are male.
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Appendix 1.3 Description of study quality score attributes
Meta-analysis 1

A study quality score was developed to assess the methods used in each study included in the
meta-analysis. The scoring system considered five study attributes and one point was awarded
per attribute when the highest standard was achieved. If the highest standard was not achieved
for an attribute, then a zero was assigned for that attribute. Thus a study could achieve a score
from 0 to 5 points. A description is presented below.

1. Type of catheter

a) micromanometer tip: 1 point OR
b) fluid filled catheter manometer system — description of frequency and damping
characteristics: 1 point OR
c) Fluid filled catheter manometer system — insufficient detail for b): O points
2. Sequence of aortic and brachial BP measurements

a) Simultaneous: 1 point OR
b) sequential, describing the time between measurements and that no major hemodynamic
changes occurred: 1 point OR
¢) sequential, insufficient detail for b): O points
3. Position of catheter in aorta/brachial artery

a) described with sufficient detail to ascertain position (aortic BP was required to be
measured in the proximal aorta or aortic arch): 1 point OR
b) general description: 0 points

4. Pressure wave capture length

a) > 1 beat of continuously captured data, with a description that the recording was of good
quality (i.e. period of capture was stable): 1 point OR
b) 1 beat: 0 points OR
¢) or no description: 0 points
5. Participant characteristics

a) description of patient inclusion/exclusion criteria (with reference to conditions that may
cause hemodynamic instability / difficulty to obtain accurate measurements): 1 point
OR

b) detailed description of the patient clinical characteristics (with reference to conditions
that may cause hemodynamic instability / difficulty to obtain accurate measurements):
1 point OR
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¢) no, or poor, description of the patient inclusion/exclusion criteria (with reference to
conditions that may cause hemodynamic instability / difficulty to obtain accurate
measurements): 0 points OR

d) no or poor description of patient clinical characteristics (with reference to conditions
that may cause hemodynamic instability / difficulty to obtain accurate measurements):
0 points

Meta-analysis 2

A study quality score was developed to assess each study included in the meta-analysis. The
scoring system considered six study attributes and one point was awarded per attribute when
the highest standard was achieved. If the highest standard was not achieved for an attribute,
then a zero was assigned for that attribute. Thus, a study could achieve a score from 0 to 6
points. A description is presented below.

1. Type of catheter used

a) micromanometer tip: 1 point OR

b) fluid filled catheter manometer system — description of frequency and damping
characteristics: 1 point OR

c) Fluid filled catheter manometer system — insufficient detail for b): 0 points

2. Sequence of brachial cuff and intra-arterial brachial BP measurement protocol

a) Simultaneous: 1 point OR [

b) sequential, describing the time between measurements and that no major hemodynamic
changes occurred: 1 point OR [

c¢) sequential, insufficient detail for b): O points

3. Position of catheter in brachial artery

a) described with sufficient detail to ascertain position: 1 point OR
b) general description: 0 points

4. Pressure wave capture length

a) > 1 beat of continuously captured data, with a description that the recording was of good
quality (i.e. period of capture was stable): 1 point OR

b) 1 beat: 0 points OR

¢) or no description: 0 points

5. Patient characteristics description
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a) description of patient inclusion/exclusion criteria (with reference to conditions that may
cause hemodynamic instability / difficulty to obtain accurate measurements): 1 point
OR

b) detailed description of the patient clinical characteristics (with reference to conditions
that may cause hemodynamic instability / difficulty to obtain accurate measurements):
1 point OR

c) no, or poor, description of the patient inclusion/exclusion criteria (with reference to
conditions that may cause hemodynamic instability / difficulty to obtain accurate
measurements): 0 points OR

d) no or poor description of patient clinical characteristics (with reference to conditions
that may cause hemodynamic instability / difficulty to obtain accurate measurements):

0 points

Meta-analysis 3

A study quality score was developed to assess the risk of bias for each study included in the
meta-analysis. The scoring system considered five study attributes and one point was awarded
per attribute when the highest standard was achieved. If the highest standard was not achieved
for an attribute, then a zero was assigned for that attribute. Thus, a study could achieve a score

from 0 to 5 points. A description is presented below.
1. Type of catheter

a) micromanometer tip: 1 point OR
b) fluid filled catheter manometer system — description of frequency and damping
characteristics: 1 point OR
¢) Fluid filled catheter manometer system — insufficient detail for b): O points
2. Sequence of aortic and brachial BP measurements

a) Simultaneous: 1 pointl] OR
b) sequential, describing the time between measurements and that no major hemodynamic
changes occurred: 1 point[] OR
c¢) sequential, insufficient detail for b): O points
3. Position of catheter in aorta/brachial artery

a) described with sufficient detail to ascertain position (aortic BP was required to be
measured in the proximal aorta or aortic arch): 1 point OR
b) general description: 0 points

4. Pressure wave capture length
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a) >1 beat of continuously captured data, with a description that the recording was of good
quality (i.e. period of capture was stable): 1 point OR

b) 1 beat: 0 points OR

¢) or no description: 0 points

5. Participant characteristics

a) description of patient inclusion/exclusion criteria (with reference to conditions that may
cause hemodynamic instability / difficulty to obtain accurate measurements): 1 point
OR

b) detailed description of the patient clinical characteristics (with reference to conditions
that may cause hemodynamic instability / difficulty to obtain accurate measurements):
1 point OR

c) no, or poor, description of the patient inclusion/exclusion criteria (with reference to
conditions that may cause hemodynamic instability / difficulty to obtain accurate
measurements): 0 points OR

d) no or poor description of patient clinical characteristics (with reference to conditions
that may cause hemodynamic instability / difficulty to obtain accurate measurements):

0 points
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Appendix 1.4 Additional statistical methods

Mean absolute difference was calculated as the absolute value of the BP difference at the
individual participant level. This approach provides a measure of agreement between a
“predicted” value (cuff BP) and “observed” value (intra-arterial BP). Linear mixed modelling

was used for one-stage meta-analysis to account for the clustering of individuals within studies.

Each individual data set was normally distributed except for mean absolute difference data
which were square root transformed to obtain normal distributions and back transformed for
presentation.

In several studies, multiple brachial cuff devices were tested on the same subjects. In each of
these cases, the preference was to use mercury sphygmomanometry data, because this is the
current brachial cuff reference standard. This protocol was used to ensure that each subject was
included once in the analysis so that there was not greater weighting toward certain data where

variance may be reduced due to data being from the same subject.

Subject characteristic analysis (Online Tables 13-15) was derived from individual data, and in
the cases that this was unavailable, aggregate data extracted from published studies was used.

Therefore, two-stage meta-analysis was used to calculate the subject characteristics.

Using linear mixed modelling, clinical and demographic factors (Online Tables 19-20) were
assessed to determine correlations and potential predictors of the difference between cuff BP
and intra-arterial brachial or aortic BP. This analysis was performed in a subset of studies where

the variables (e.g. age, sex, body mass index) were available.

Sensitivity analyses were among studies that received the maximum study quality score to
assess whether results were influenced by study design factors (Online Tables 20-22) and
separately to assess published, compared with unpublished data sources (Online Tables 23-25).
These analyses were completed using linear mixed modelling, with the study score or
publication status included as a variable (O=non-maximum rated study, 1=maximum rated study
and O=published, 1=published). Linear mixed models were also used for sensitivity analysis of
the number of cuff BP measures (0O=single cuff BP or uncertain, 1=average of multiple cuff BP)
and type of catheter (O=fluid-filled, 1=micromanometer-tipped). BP classification analysis was
performed separately for single cuff BP (or uncertain number of measurements) compared with

average of multiple cuff BP measurements.
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Appendix 1.5 Reasons for discrepancies between number of subjects analyzed with
number of subjects reported in publication.

Meta-analysis 1
Kavanagh-Gray, 1964
50 subjects in publication, 49 used in analysis.

One extreme data point judged to be non-physiological was identified whereby aortic SBP was
120 mm Hg and brachial SBP 250 mm Hg. "* The subject was a 24-year-old male with aortic
valvular incompetence. This data was extracted from a published table and we were unable to
contact the relevant author to verify this result and, therefore, removed this subject from all

analyses.
Meta-analysis 2
Bos et al, 19925°
76 subjects in publication, 57 used in analysis.
Group A (n=19) was excluded because the intra-arterial BP was measured in the aorta.
Gelman et al, 1981'%
20 subjects in publication, 5 used in analysis.

Data was extracted from a table in the publication (see Appendix 1.2), however, individual data
was only reported for five subjects.

Gould et al, 19847

26 subjects in publication, 28 used in analysis.

Extra data available from the raw thesis data provided.
Melamed et al, 2012%°

53 subjects in publication, 3 used in analysis.

47 patients excluded because the radial artery was used for intra-arterial BP measurement. A
further three subjects were excluded due to data being recorded in the presence of a blood
conserving device that was determined to influence the natural frequency of the intra-arterial

pressure system and therefore may affect the accuracy of these measurements.
Muecke et al, 200938

18 subjects in publication, 2 used in analysis.
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16 patients excluded because the radial artery was used for intra-arterial BP measurement.
Sagiv et al, 1999163
14 subjects in publication, 12 used in analysis.

Data was extracted from a scatter plot (see Appendix Table 1.3), however, could not be

extracted for two subjects.
Vardan et al, 19834
26 subjects in publication, 24 used in analysis.

Data was extracted from a scatter plot (see Appendix Table 1.3), however, could not be

extracted for two subjects.

Meta-analysis 3
Aakhus et al, 19936
26 subjects in publication, 28 used in analysis.
Extra data was available from the author that was not used in the original publication.
Bos et al, 19925°
76 subjects in publication, 19 used in analysis.

Groups B, C and D (n=13, 15, 29) were excluded because the intra-arterial BP was measured

in the brachial artery.

Cremer et al, 2012

145 subjects in publication, 144 used in SBP analysis, 142 in DBP and PP analysis.

One data point unavailable for all analysis. 2 subjects did not have intra-arterial DBP available.
Laugesen et al 2014''8/Rossen et al, 2014149

34 subjects in Laugesen et al, 22 in Rossen et al. 37 total used in analysis.

Data were pooled for analysis due to use of identical study protocols except for the type of cuff
BP device. Many subjects were included in both studies, therefore, all data from Laugesen et al
was used, and additional subjects from the Rossen et al study were subsequently pooled for the

analysis.
Lin AC et al, 2012 17°

37 subjects in publication, 35 used in analysis.
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2 subjects excluded due to intra-arterial aortic BP recording in subclavian root.

Lowe et al, 2009**

16 subjects in publication, 37 used in analysis.

Extra data was available from the author that was not used in the original publication.
Pucci et al, 2013'"®

50 subjects in publication, 58 used in analysis.

8 subjects excluded from publication due to poor quality radial tonometry waveforms. These
are included in the current analysis because the brachial cuff and intra-arterial aortic BP data

was good quality.
Saul et al, 199518
100 subjects in publication, 97 used in analysis.

Data was extracted from a scatter plot (see Appendix Table 1.3), however, could not be

extracted for three subjects.

Smulyan et al, 2003*8!

50 subjects in publication, 25 used in analysis.

25 subjects excluded due to recording of intra-aortic BP from the descending aorta.
Takazawa et al, 2012'8¢

66 subjects in publication, 52 used in analysis.

14 subjects excluded due to identical data in Takazawa et al, 20078,

Weber et al, 19998

33 subjects in publication, 36 used in analysis.

Extra data was available from the author that was not used in the original publication.
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Appendix Table 1.1 Preferred Reporting Items for Systematic Reviews and Meta-analyses- individual

participant data checklist.

PRISMA- Item | Checklist item Reported

IPD No on page

Section/topic

Title

Title 1 Identify the report as a systematic review and meta-analysis of | 26
individual participant data.

Abstract

Structured 2 Provide a structured summary including as applicable: 27

summary Background: state research question and main objectives, with
information on participants, interventions, comparators and outcomes.
Methods: report eligibility criteria; data sources including dates of last
bibliographic search or elicitation, noting that IPD were sought;
methods of assessing risk of bias.
Results: provide number and type of studies and participants identified
and number (%) obtained; summary effect estimates for main
outcomes (benefits and harms) with confidence intervals and measures
of statistical heterogeneity. Describe the direction and size of summary
effects in terms meaningful to those who would put findings into
practice.
Discussion: state main strengths and limitations of the evidence,
general interpretation of the results and any important implications.
Other: report primary funding source, registration number and registry
name for the systematic review and IPD meta-analysis.

Introduction

Rationale 3 Describe the rationale for the review in the context of what is already | 28
known.

Objectives 4 Provide an explicit statement of the questions being addressed with | 28

reference, as applicable, to participants, interventions, comparisons,
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outcomes and study design (PICOS). Include any hypotheses that

relate to particular types of participant-level subgroups.

Methods
Protocol and | 5 Indicate if a protocol exists and where it can be accessed. If available, | Protocol
registration provide registration information including registration number and | available
registry name. Provide publication details, if applicable. on request
Eligibility 6 Specify inclusion and exclusion criteria including those relating to | 29
criteria participants, interventions, comparisons, outcomes, study design and
characteristics (e.g. years when conducted, required minimum follow-
up). Note whether these were applied at the study or individual level
i.e. whether eligible participants were included (and ineligible
participants excluded) from a study that included a wider population
than specified by the review inclusion criteria. The rationale for
criteria should be stated.
Identifying 7 Describe all methods of identifying published and unpublished studies | 29
studies - including, as applicable: which bibliographic databases were searched
information with dates of coverage; details of any hand searching including of
sources conference proceedings; use of study registers and agency or company
databases; contact with the original research team and experts in the
field; open adverts and surveys. Give the date of last search or
elicitation.
Identifying 8 Present the full electronic search strategy for at least one database, | Appendix
studies - including any limits used, such that it could be repeated. Table 1.2
search
Study 9 State the process for determining which studies were eligible for | 29-30
selection inclusion.
processes
Data 10 Describe how IPD were requested, collected and managed, including | 30
collection any processes for querying and confirming data with investigators. If
processes IPD were not sought from any eligible study, the reason for this should

be stated (for each such study).
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If applicable, describe how any studies for which IPD were not
available were dealt with. This should include whether, how and what
aggregate data were sought or extracted from study reports and
publications (such as extracting data independently in duplicate) and
any processes for obtaining and confirming these data with

investigators.

Data items 11 Describe how the information and variables to be collected were | 30
chosen. List and define all study level and participant level data that
were sought, including baseline and follow-up information. If
applicable, describe methods of standardizing or translating variables
within the IPD datasets to ensure common scales or measurements
across studies.
IPD integrity | A1 | Describe what aspects of IPD were subject to data checking (such as | 30,
sequence generation, data consistency and completeness, baseline | Appendix
imbalance) and how this was done. Table 1.3
Risk of bias | 12 Describe methods used to assess risk of bias in the individual studies | 30-31
assessment in and whether this was applied separately for each outcome. If
individual applicable, describe how findings of IPD checking were used to
studies. inform the assessment. Report if and how risk of bias assessment was
used in any data synthesis.
Specification | 13 State all treatment comparisons of interests. State all outcomes | 29-31
of outcomes addressed and define them in detail. State whether they were pre-
and  effect specified for the review and, if applicable, whether they were
measures primary/main or secondary/additional outcomes. Give the principal
measures of effect (such as risk ratio, hazard ratio, difference in
means) used for each outcome.
Synthesis 14 Describe the meta-analysis methods used to synthesize IPD. Specify | 31
methods any statistical methods and models used. Issues should include (but | Appendix
are not restricted to): 1.4

e Use of a one-stage or two-stage approach.
e How effect estimates were generated separately within each study

and combined across studies (where applicable).
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e Specification of one-stage models (where applicable) including
how clustering of patients within studies was accounted for.

e Use of fixed or random effects models and any other model
assumptions, such as proportional hazards.

e How (summary) survival curves were generated (where
applicable).

e Methods for quantifying statistical heterogeneity (such as 1> and
).

e How studies providing IPD and not providing IPD were analyzed
together (where applicable).

e How missing data within the IPD were dealt with (where

applicable).
Exploration | A2 | Ifapplicable, describe any methods used to explore variation in effects | 30-31
of variation by study or participant level characteristics (such as estimation of
in effects interactions between effect and covariates). State all participant-level
characteristics that were analyzed as potential effect modifiers, and
whether these were pre-specified.
Risk of bias | 15 Specify any assessment of risk of bias relating to the accumulated | 29-31
across studies body of evidence, including any pertaining to not obtaining IPD for
particular studies, outcomes or other variables.
Additional 16 Describe methods of any additional analyses, including sensitivity | 31
analyses analyses. State which of these were pre-specified.
Results
Study 17 Give numbers of studies screened, assessed for eligibility, and | 32,
selection and included in the systematic review with reasons for exclusions at each | Appendix
IPD obtained stage. Indicate the number of studies and participants for which IPD | Figures 1.1-
were sought and for which IPD were obtained. For those studies where | 1.6

IPD were not available, give the numbers of studies and participants
for which aggregate data were available. Report reasons for non-

availability of IPD. Include a flow diagram.
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Study 18 For each study, present information on key study and participant | Tables 2.1.-
characteristic characteristics (such as description of interventions, numbers of | 2.3
S participants, demographic data, unavailability of outcomes, funding
source, and if applicable duration of follow-up). Provide (main)
citations for each study. Where applicable, also report similar study
characteristics for any studies not providing IPD.
IPD integrity | A3 | Report any important issues identified in checking IPD or state that | 32
there were none.
Risk of bias | 19 Present data on risk of bias assessments. If applicable, describe | Appendix
within whether data checking led to the up-weighting or down-weighting of | Tables
studies these assessments. Consider how any potential bias impacts on the | 1.16-1.21
robustness of meta-analysis conclusions.
Results  of | 20 For each comparison and for each main outcome (benefit or harm), for | Figures 2.1-
individual each individual study report the number of eligible participants for | 2.3
studies which data were obtained and show simple summary data for each
intervention group (including, where applicable, the number of
events), effect estimates and confidence intervals. These may be
tabulated or included on a forest plot.
Results  of | 21 Present summary effects for each meta-analysis undertaken, including | 36, Figures
syntheses confidence intervals and measures of statistical heterogeneity. State | 2.1-2.3

whether the analysis was pre-specified, and report the numbers of
studies and participants and, where applicable, the number of events

on which it is based.

When exploring variation in effects due to patient or study
characteristics, present summary interaction estimates for each
characteristic examined, including confidence intervals and measures
of statistical heterogeneity. State whether the analysis was pre-
specified. State whether any interaction is consistent across trials.

Provide a description of the direction and size of effect in terms

meaningful to those who would put findings into practice.
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Risk of bias | 22 Present results of any assessment of risk of bias relating to the | Appendix

across studies accumulated body of evidence, including any pertaining to the | Tables
availability and representativeness of available studies, outcomes or | 1.16-1.21
other variables.

Additional 23 Give results of any additional analyses (e.g. sensitivity analyses). If | 58, Online

analyses applicable, this should also include any analyses that incorporate | Tables 13-
aggregate data for studies that do not have IPD. If applicable, | 21
summarize the main meta-analysis results following the inclusion or
exclusion of studies for which IPD were not available.

Discussion

Summary of | 24 Summarize the main findings, including the strength of evidence for | 58-62

evidence each main outcome.

Strengths and | 25 Discuss any important strengths and limitations of the evidence | 61-62

limitations including the benefits of access to IPD and any limitations arising from
IPD that were not available.

Conclusions | 26 Provide a general interpretation of the findings in the context of other | 62
evidence.

Implications | A4 | Consider relevance to key groups (such as policy makers, service | 58-62
providers and service users). Consider implications for future
research.

Funding

Funding 27 Describe sources of funding and other support (such as supply of IPD), | No funding

and the role in the systematic review of those providing such support.
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Appendix Table 1.2 Systematic review search terms.
A search of four online databases (PubMed [Medline], Scopus, Web of Knowledge and Embase) was

conducted from the earliest available records to 9 May 2016. There were slight modifications of the

search terms for each meta-analysis, as outlined in this table. The search terms were similar across the

databases, with the exception of differences in the controlled language between each. Manual searches

of reference lists within identified articles were also undertaken.

Meta-analysis 1. Intra-arterial aortic and intra-arterial brachial BP

PubMed

(((invasive OR invasively OR intra arterial OR direct OR true OR catheter* OR
simultaneous* OR pull back OR needle OR wire)) AND (aorta OR aortic OR central))
AND (brachi* OR ((upper) AND (limb OR arm)) OR peripher*)) AND (pulse OR
arterial pressure [MeSH Major Topic] OR pressure* OR blood pressure determination
[MeSH Major Topic])))) NOT (animals [mh] not (humans [mh] and animals [mh])))

Scopus

TITLE-ABS-KEY (invasive* ) OR TITLE-ABS-KEY ( intra arterial ) OR TITLE-ABS-
KEY (direct) OR TITLE-ABS-KEY (true) OR TITLE-ABS-KEY ( catheter*) OR
TITLE-ABS-KEY ( simultaneous* ) OR TITLE-ABS-KEY ( pull back ) OR TITLE-ABS-
KEY (needle) OR TITLE-ABS-KEY (wire) AND TITLE-ABS-KEY (aorta) OR
TITLE-ABS-KEY (aortic) ORTITLE-ABS-KEY (central) AND  TITLE-ABS-
KEY ( brachi*) OR TITLE-ABS-KEY ( (upper) AND (limb OR arm)) OR TITLE-
ABS-KEY ( peripher*) AND TITLE-ABS-KEY ( pressure*) OR TITLE-ABS-
KEY (pulse) OR  INDEXTERMS (blood  pressure  determination) OR
INDEXTERMS (arterial pressure) AND SRCTYPE (j) AND KEY ( human*) AND
(EXCLUDE (DOCTYPE, "re"))

Web of
Knowledge

((invasive OR invasively OR intra arterial OR direct OR true OR catheter* OR
simultaneous™* OR pull back OR needle OR wire) AND (aorta OR aortic OR central) AND
((brachi* OR ((upper) AND (limb OR arm)) OR peripher*)) AND (pulse OR pressure*))

Refined by: RESEARCH AREAS: (CARDIOVASCULAR SYSTEM CARDIOLOGY)
AND [excluding] DOCUMENT TYPES: (REVIEW)

Timespan: All years.

Search language=Auto
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Appendix Table 1.2 (continued)

Embase

invasive OR invasively OR intra AND arterial OR direct OR true OR catheter* OR
simultaneous* OR (pull AND back) OR needle OR wire AND (aorta OR aortic OR
central) AND (brachi* OR (upper AND (limb OR arm)) OR peripher*) AND (pulse OR
pressure* OR blood AND pressure AND measurement OR ‘arterial pressure’) NOT
(animal NOT (human AND animal)) AND ([article]/lim OR [article in press}/lim OR
[conference abstract]/lim OR [conference paper]/lim OR [erratum]/lim OR [letter]/lim OR
[note]/lim)

Meta-analysis 2. Cuff BP and intra-arterial brachial BP

PubMed

(((invasive OR invasively OR intra arterial OR direct OR true OR catheter* OR
simultaneous* OR needle OR wire OR blood pressure determination [MeSH Major
Topic]) AND (noninvasive OR indirect OR oscillometr* OR cuff OR auscultat* OR
accura* OR casual OR office OR clinic) AND (brachi* OR ((upper) AND (limb OR arm))
OR peripher* OR oscillometr* OR cuff OR auscultat* OR sphygmomano* OR korotko*)
AND (pulse OR arterial pressure [MeSH Major Topic] OR pressure*)))

NOT (animal* NOT (human AND animal))

Scopus

TITLE-ABS-KEY (invasive) OR TITLE-ABS-KEY (invasively) OR TITLE-ABS-
KEY (intra arterial ) OR TITLE-ABS-KEY (direct) OR TITLE-ABS-KEY (true) OR
TITLE-ABS-KEY ( catheter* ) OR TITLE-ABS-KEY ( simultaneous* ) OR TITLE-ABS-
KEY (needle) OR TITLE-ABS-KEY (wire) OR INDEXTERMS (blood pressure
determination ) AND TITLE-ABS-KEY ( noninvasive ) OR TITLE-ABS-KEY ( indirect )
OR TITLE-ABS-KEY ( oscillometr* ) OR TITLE-ABS-KEY ( cuff) OR TITLE-ABS-
KEY (auscultat* ) OR TITLE-ABS-KEY (accura* ) OR TITLE-ABS-KEY ( casual ) OR
TITLE-ABS-KEY (office) OR TITLE-ABS-KEY (clinic) AND TITLE-ABS-
KEY (brachi*) OR TITLE-ABS-KEY ( (upper) AND (limb OR arm)) OR TITLE-
ABS-KEY ( peripher*) OR TITLE-ABS-KEY (oscillomet*) OR TITLE-ABS-
KEY (cuff) OR TITLE-ABS-KEY (‘auscultat* ) OR TITLE-ABS-KEY ( korotko*) OR
TITLE-ABS-KEY ( sphygmomanomet* ) AND  TITLE-ABS-KEY ( pressure*) OR
TITLE-ABS-KEY ( pulse ) OR INDEXTERMS ( arterial pressure ) AND SRCTYPE ()
AND KEY ( human*)
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Appendix Table 1.2 (continued)

Web of

Knowledge

invasive OR invasively OR intra arterial OR direct OR true OR catheter* OR
simultaneous* OR needle OR wire OR 'blood pressure determination’) AND (noninvasive
OR indirect OR oscillometr* OR cuff OR auscultat* OR accura* OR casual OR office OR
clinic) AND (brachi* OR ((upper) AND (limb OR arm)) OR peripher* OR oscillometr*
OR cuff OR auscultat* OR sphygmomano* OR korotko*) AND (pulse OR ‘arterial
pressure’ OR pressure*))) NOT (animal* NOT (human AND animal))) Refined
by: RESEARCH AREAS: ( CARDIOVASCULAR SYSTEM CARDIOLOGY )

Timespan: All years.

Search language=Auto

Embase

invasive OR invasively OR intra AND arterial OR direct OR true OR catheter* OR
simultaneous* OR needle OR wire OR 'blood pressure measurement' AND (noninvasive
OR indirect OR oscillometr* OR cuff OR auscultat* OR accura* OR casual OR office
OR clinic) AND (brachi* OR (upper AND (limb OR arm)) OR peripher* OR
oscillometr* OR cuff OR auscultat* OR sphygmomano* OR korotko*) AND (pulse OR

‘arterial pressure’ OR pressure*) NOT (animal* NOT (‘human' AND ‘animal’))

Meta-

analysis 3.

Cuff BP and intra-arterial aortic BP

PubMed

((invasive OR invasively OR intra arterial OR direct OR true OR catheter* OR
simultaneous* OR pull back OR needle OR wire)) AND (aorta OR aortic OR central))
AND (brachi* OR ((upper) AND (limb OR arm)) OR peripher* OR oscillometr* OR cuff
OR auscultat* OR korotko* OR sphygmoman* OR noninvasive OR indirect)) AND (pulse
OR arterial pressure[MeSH Major Topic] OR pressure* OR blood pressure
determination[MeSH Major Topic])))) NOT (animals [mh] not (humans [mh] and animals

[mhD))

Scopus

TITLE-ABS-KEY (invasive*) OR TITLE-ABS-KEY (intra arterial) OR TITLE-ABS-
KEY (direct) OR TITLE-ABS-KEY (true) OR TITLE-ABS-KEY (catheter*) OR TITLE-
ABS-KEY (simultaneous*) OR TITLE-ABS-KEY (pull back) OR TITLE-ABS-
KEY (needle) OR TITLE-ABS-KEY (wire) AND TITLE-ABS-KEY (aorta) OR TITLE-
ABS-KEY (aortic) OR TITLE-ABS-KEY (central) AND TITLE-ABS-KEY (brachi*)
OR TITLE-ABS-KEY ((upper) AND (limb OR arm)) OR TITLE-ABS-
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Appendix Table 1.2 (continued)

KEY ( peripher*) OR TITLE-ABS-KEY ( oscillomet*) OR TITLE-ABS-KEY ( cuff)
OR TITLE-ABS-KEY (auscultat*) OR TITLE-ABS-KEY ( korotko*) OR TITLE-
ABS-KEY ( sphygmomanomet*) OR TITLE-ABS-KEY ( noninvasive) OR TITLE-
ABS-KEY (indirect) AND  TITLE-ABS-KEY ( pressure*) OR  TITLE-ABS-
KEY (pulse) OR  INDEXTERMS (blood  pressure  determination) OR
INDEXTERMS ( arterial pressure) AND SRCTYPE (j) AND KEY ( human*) AND
( EXCLUDE ( DOCTYPE, "re"))

Web of
Knowledge

invasive OR invasively OR intra arterial OR direct OR true OR catheter* OR
simultaneous™* OR pull back OR needle OR wire) AND (aorta OR aortic OR central) AND
((brachi* OR ((upper) AND (limb OR arm)) OR peripher* OR oscillometr* OR cuff OR
auscultat* OR korotko* OR sphygmoman* OR noninvasive OR indirect)) AND (pulse
OR pressure*))))

Refined by: RESEARCH AREAS: (CARDIOVASCULAR SYSTEM CARDIOLOGY)
AND [excluding]DOCUMENT TYPES: (REVIEW)

Timespan: All years.

Search language=Auto

Embase

invasive OR invasively OR intra AND arterial OR direct OR true OR catheter* OR
simultaneous* OR (pull AND back) OR needle OR wire AND (aorta OR aortic OR
central) AND (brachi* OR (upper AND (limb OR arm)) OR peripher* OR oscillometr*
OR cuff OR auscultat* OR korotko* OR sphygmoman* OR noninvasive OR indirect)
AND (pulse OR pressure* OR blood AND pressure AND measurement OR ‘arterial
pressure’) NOT (animal NOT (human AND animal)) AND ([article]/lim OR [article in
press]/lim OR [conference abstract]/lim OR [conference paper]/lim OR [erratum]/lim OR
[letter]/lim OR [note]/lim)
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Appendix Table 1.3 Validation of individual data extracted from scatter plots.
Meta-analysis 1.

Study name Intra-arterial  Intra-arterial aortic Brachial - aortic SBP Correlation Published figure used for data extraction
brachial SBP SBP (mm Hg) (mm Hg) coefficient
(mm Hg)
Kobayashi et al, 141.8+19.8 140.1+185 1.7+£52 0.97 Figure 4 on page 1678 of the publication.
2013 (published Intra-arterial brachial SBP was on the x-axis
data) and intra-arterial aortic SBP on the y-axis.
Kobayashi et al, 2013 | 141.6 + 189 140.0£20.8 16+£54 0.97

(extracted data)

Meta-analysis 2.

Study name Cuff SBP Intra-arterial Cuff — intra-arterial Correlation Published figure used for data extraction
(mm Hg) brachial SBP (mm  brachial SBP (mm coefficient
Hg) Hg)
Blank et al, 19884 -15 0.94 Figure 4 (left), on page 1301 of the
(published data) publication. Intra-arterial brachial SBP was on
Blank et al, 1988 |138.4(38.1) 152.7 (35) 1143 0.95 the x-axis and brachial cuff (auscultatory)

(extracted data) SBP on the y-axis.
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Appendix Table 1.3 (continued)

Kobayashi et al,
2013 (published
data)

Kobayashi et al, 2013

(extracted data)

Sagiv et al, 199913
(published data)

Sagiv et al, 1999

(extracted data)

Vardan et al, 198364
(published data)

Vardan et al, 1983
(extracted data)

133.5 (18.6)

133.5 (18.6)

107 (7)

106 (8)

183.1 (17.6)

183.6 (17.9)

141.8 (19.8)

141.6 (19.3)

101 (6)

100 (5)

182.2 (21.0)

181.6 (22.1)

-8.3(8.7)

-8.2 (8.8)

163

0.89

0.89

0.68

0.67

Figure 3 (left), on page 1677 of the
publication. Brachial cuff SBP was on the x-
axis and intra-arterial brachial SBP on the y-

axis.

Figure 1 (top left), on page 277 of the
publication. Intra-arterial brachial SBP was on
the x-axis and brachial cuff (auscultatory)

SBP on the y-axis.

Figure (top left) on page 937 of the
publication. Brachial cuff SBP was on the x-
axis and intra-arterial brachial SBP on the y-
axis. The *x* plot markers, which
corresponded to the first SBP measurement

were extracted.



Appendix Table 1.3 (continued)

Meta-analysis 3.

Study name Cuff SBP Intra-arterial aortic Cuff — intra-arterial Correlation Published figure used for data extraction

(mm Hg) SBP (mm Hg) aortic SBP (mm Hg)  coefficient
Davies et al, 2003* | 137.0 (26) 134.0 (28) 3.4 (10.5) 0.92 Figure 2 (top), on page 574 of the publication.
(published data) Intra-arterial aortic SBP was on the x-axis and
Davies et al, 2003 |137.2(27)  133.8(26) 3.4 (10.4) 0.92 brachial cuff SBP on the y-axis.
(extracted data)
Kobayashi et al, 133.5(18.6) 138.1(18.5) -4.7 (9.0) 0.88 Figure 2 (left), on page 1677 of the
2013 (published publication. Brachial cuff SBP was on the x-
data) axis and intra-arterial aortic SBP on the y-axis.
Kobayashi et al, 2013 | 133.5 (18.6) 138.3 (18.5) -4.8 (9.1) 0.88
(extracted data)
Saul et al, 199580 150.0 149.0 0.9 (11.1) 0.91 Figure 2 (top, labelled Abb. 2 in publication).
(published data) Brachial cuff SBP (labelled RR syst. Oberarm
Saul et al, 1995 150.3 1492 1.0 (11.4) 0.91 links) was on the x-axis and intra-arterial

(extracted data)
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aortic SBP (labelled RR syst. Aorta) on the y-

axis.



Appendix Table 1.4 Individual quality scores of each study included in meta-analysis 1.

Study

Type of Sequence of aortic and brachial

catheter

blood pressure measurements

Position of catheter in Pressure wave Participant

aorta/brachial artery

capture length

characteristics

Total

Cheng et al, 2010
Cheng et al, unpublished
Davies et al, 2010%°
Ding et al, 201316

Gould and Shariff, 1969
Kavanagh-Gray, 1964
Kelly et al, 1990%
Kobayashi et al, 2013
Liang et al, 2015

Lin et al, 20121%

Picone et al, unpublished
Pucci et al, unpublished
Westerhof et al, 2008153
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0
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The study quality score was developed in consideration of 5 study attributes. One point was awarded per attribute when the highest standard was

achieved, whilst if the highest standard was not achieved then a zero was assigned for that attribute. The maximum score of 5/5 indicated the

highest study quality. Studies with a rating of 5/5 were used in sensitivity analysis to assess any impact of study protocols on the analysis.
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Appendix Table 1.5 Individual quality scores of each study included in meta-analysis 2.

Sequence of Position of Participant Arm used or

Type  of measurement catheter in  Pressure wave characteristics description of
Study catheter protocol brachial artery capture length description differences Total
Berliner et al, 1961 | 0 1 1 1 1 1 5
Blank et al, 1988 | 0 1 1 0 0 1 3
Bos et al, 1992*% 1 1 1 1 1 0/1 5/6
Cheng et al, 2010 1 1 1 1 1 1 6
Cheng et al,
unpublished 1 1 1 1 1 1 6
Ding et al, 2013%° 1 1 1 1 1 1 6
Freis et al, 1968 0 1 1 0 1 1 4
Gelman et al, 1981%%¢ | 0 0 1 0 0 1 2
Gould et al, 1984%" | 0 1 1 1 0 1 4
Hayashi et al, 2014'%8 | 1 1 1 1 1 0 5
Hunyor et al, 1978 | 0 1 1 1 1 1 5
Kobayashi et al, 1 1 1 1 1 0 5
Lin et al, 20121%2 1 1 1 1 1 1 6
Melamed et al, 0 1 1 1 1 1 5
Muecke et al, 200910 | 1 1 1 1 1 1 6
Omboni et al, 19971 | 0 1 1 1 1 0 4
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Appendix Table 1.5 (continued)

Picone et al,

unpublished 1 1 1 1 1 1 6
Pucci et al,

unpublished 0 1 1 1 1 1 5
Raftery and Ward,

1968162 1 1 1 0 0 1 4
Roberts et al, 1953% | 0 1 1 0 0 1 3
Sagiv et al, 199963 1 1 1 1 1 0 5
Vardan et al, 1983%64 |1 1 1 0 0 0 3

The study quality score was developed in consideration of 6 study attributes. One point was awarded per attribute when the highest standard was
achieved, whilst if the highest standard was not achieved then a zero was assigned for that attribute. The maximum score of 6/6 indicated the highest
study quality. Studies with a rating of 6/6 were used in sensitivity analysis to assess any impact of study protocols on the analysis. *In the study of
Bos et al, 1992, 13/57 patients had an inter-arm BP difference > 5mm Hg and thus received a study quality score of 5/6. From the same study, 46/57

patients had an inter-arm BP difference < 5mm Hg and received a study quality score of 6/6.
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Appendix Table 1.6 Individual quality scores of each study included in meta-analysis 3.

Type of Sequence of Position of Pressure wave Participant characteristics
Study catheter measurement protocol catheter inaorta  capture length description Total
Aakhus et al, 19931 0 0 1 1 1 3
Bhatt et al, 2011166 0 1 1 1 1 4
Borow et al, 19821 0 1 1 1 1 4
Bos et al, 19925° 1 1 1 1 1 5
Broyd et al,
unpublished 0 1 1 1 1 4
Cheng et al, 2010 1 1 1 1 1 5
Cheng et al,
unpublished 1 1 1 1 1 5
Costello et al, 2015 | 0 1 1 1 1 4
Cremer et al, 20121 1 1 1 1 1 5
Davies et al, 2003*2 0 1 1 1 1 4
Ding et al, 2013%° 1 1 1 1 1 5
Kobayashi et al, 20134 | 1 1 1 0 1 4
Korolkova et al,

0 1 1 1 1 4

unpublished
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Appendix Table 1.6 (continued)

Laugesen*'®/Rossen et
al**°, 2014

Lin AC et al, 201217
Lin MM et al, 2012%
Lowe et al, 2009
Milne et al, 20154
Nagle et al, 196672
Nakagomi et al, 20167
Ohte et al, 200774

Ott et al, 201217

Park et al, 201417
Pereira et al, 2014177
Picone et al,

unpublished

Pucci et al, 201378
Pucci et al, unpublished
Rajani et al, 2008*"°
Saul et al, 19958
Smulyan et al, 200318
Smulyan et al, 200882
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Appendix Table 1.6 (continued)
Smulyan et al, 2010'®® | 1
Sueta et al, 201584
Takazawa et al, 200718
Takazawa et al, 20128°
Weber et al, 199918
Weber et al, 2011188
Williams et al, 20118 | 1 1 1 1 1 5

N =)

R = = T T =
e e
e =T
=T =
o M 1N Ol

The study quality score was developed in consideration of 5 study attributes. One point was awarded per attribute when the highest standard was achieved,
whilst if the highest standard was not achieved then a zero was assigned for that attribute. The maximum score of 5/5 indicated the highest study quality.

Studies with a rating of 5/5 were used in sensitivity analysis to assess any impact of study protocols on the analysis.
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Appendix Table 1.7 Details of each study included in meta-analysis 1.

No Study n Age (years) Male Measurement  Catheter type Pressure wave Study exclusion criteria
(%) protocol capture time
1 Chengetal, 100 621+126 78 Sequential Micromanometer  Aorta: 30 beats Acute coronary syndrome, peripheral
20101 (brachial to tip Brachial: 20-30 arterial disease, abnormal sinus rhythm
aorta) beats and > 3mm Hg pressure difference
between left and right arms
2 Cheng et al, 15 616139 70 Sequential Micromanometer  Aorta: 30 beats Same as No 1 (Cheng et al, 2010)
unpublished (brachial to tip Brachial: 20-30
aorta) beats
3 Daviesetal, 12 54 +10 67 Simultaneous Micromanometer 1 minute Previous  coronary intervention,
2010 1° tip valvular pathology, regional wall
motion abnormality, arrhythmia, use of
nitrates < 24hrs before procedure
4 Ding et al, 33 60.1 £8.7 64 Simultaneous Fluid-filled At least 10 stable Failure to measure central SBP,
2013 16 beats arrhythmia, severe valvular disease,

heart failure defined as left ventricular
ejection fraction <50%, >5 mm Hg
difference in SBP between left and

right arms

171



10

Gould and

Shariff, 1969
150

Kavanagh-
Gray, 1964

Kelly et al,
1990 %

Kobayashi et
al, 2013

Liang et al,
2015 151

Lin et al,
2012 12

23

N/A

31.4+£16.5

53.7+9.8

68.9+8.1

63.0 +£10.9

65.9+12.9

N/A

48

93

65

60

80

Unclear

“Either

simultaneously

or in quick
succession”
Sequential

(brachial to

aorta)

Sequential
(aorta to
brachial)

Sequential
(brachial to

aorta)

Simultaneous

Fluid-filled

Fluid-filled

Micromanometer

tip

Micromanometer

tip

Micromanometer

tip

Micromanometer

tip

Not reported

Not reported

Not reported

Not reported

10 stable beats

At least two

respiratory

cycles / at least

20 beats

None reported

None reported

None reported. Note: no patients had
evidence of valvular disease or left

ventricular dysfunction

>10 mm Hg difference in BP between

left and right arms

>10% variation of heart rate or mean

arterial pressure during measurements

Acute coronary syndrome, peripheral
arterial disease, abnormal sinus rhythm
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11 Piconeetal, 52
unpublished

12 Puccietal, 29
unpublished

13  Westerhofet 50
al, 2008 153

60.5+10.3

68.3 +10.9

51.3+8.5

68

86

86

Sequential Fluid-filled
(aortato

brachial)

Sequential Fluid-filled
(brachial to

aorta)

Sequential Fluid-filled
(brachial to

aorta)

Aorta and
brachial 20
seconds of

stable data

At least 10

seconds

One beat

>5 mm Hg difference in BP between

left and right arms

History of peripheral arterial disease,
aortic aneurysm, absent brachial or
radial pulses or known obstructive
large artery atherosclerotic disease,
active malignancy, hypotension (<90
mm Hg), valvular heart disease, known
left ventricular dysfunction (ejection
<50%) or

(including frequent ventricular and

fraction arrhythmias

supraventricular premature beats)

None reported

Data are mean * standard deviation, n or percentage. SBP, systolic blood pressure
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Appendix Table 1.8 Details of the studies included in meta-analysis 2.

No  Study n Age Male (%) Brachial cuff method Intra-arterial Pressure wave capture time
(years) measurement method
1 Berliner et al, 1961*° 100 55.8+13.2 56 Mercury 20 Gauge needle and 50-80 seconds pre non-intra-
sphygmomanometry electromanometer arterial BP and 20-30 seconds
during non-invasive BP
2 Blank et al, 1988 1 - - Mercury Fluid-filled Unclear
sphygmomanometry micromanometer tip
3 Bos et al, 1992 (groups 57 61 (52-83) 61 Mercury Fluid-filled One beat corresponding to the
B, C, D)% sphygmomanometry non-invasive Korotkoff
sounds
4 Cheng et al, 2010*! 100 6011 74 Oscillometric device Micromanometer tip ~ 20-30 beats (at least two
respiratory cycles)
5 Cheng et al, 14 61.6+139 70 Oscillometric device Micromanometer tip 20-30 beats (at least two
unpublished respiratory cycles)
6 Ding et al, 20131® 33 60.1+8.7 64 Oscillometric device Fluid-filled At least 10 stable beats
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10

11

12
13

14

15

Freis et al, 19681%°

Gelman et al, 1981156

Gould et al, 198417

Hayashi et al, 2014158

Hunyor et al, 1978%°

Kobayashi et al, 2013

Lin et al, 2012152

Melamed et al, 201215

Muecke et al, 2009160

28

55

20

78

Range: 26-
38

63.1 +£10.3

50 (23-67)

Unclear

25-80

68.9+8.1

61 +10

68.7 + 9.6

38.5+19.1

100

Unclear

Unclear

100

Mercury
sphygmomanometry

Auscultatory

sphygmomanometry

Mercury

sphygmomanometry

Oscillometric device

Mercury
sphygmomanometry

Oscillometric device

Oscillometric device

Oscillometric device

Oscillometric device

16 Gauge needle and

strain gauge pressure

transducer

Fluid-filled

Fluid-filled

Fluid-filled

Fluid-filled

Micromanometer tip

Micromanometer tip

Fluid-filled

Fluid-filled

One beat corresponding to the

non-invasive Korotkoff

sounds

Unclear

Unclear

Unclear

Average of 15 complexes

immediately preceding cuff

inflation
Unclear

Mean of 10 stable consecutive
pulses immediately prior to

brachial BP measurement

10 seconds

60 seconds
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16

17

18
19

20

21

22

Omboni et al, 1997161

Picone et al,

unpublished

Pucci et al, unpublished

Raftery and Ward,
1968162
Roberts et al, 195368

Sagiv et al, 1999163

Vardan et al, 1983164

40

50

47

12

24

45.9+10.8

61.4+10.9
68.3+10.9
26.7 (18-
44)
Unclear

60.4

59.4+10.9

Unclear

82

Mercury
sphygmomanometry

Oscillometric device

Oscillometric device

Mercury

sphygmomanometry

Mercury

sphygmomanometry

Mercury

sphygmomanometry

Mercury

sphygmomanometry

Fluid-filled

Fluid-filled

Fluid-filled

Thin walled needle and

inductance manometer

Cournand needle and

electromanometer

Fluid-filled

Fluid-filled

Unclear -  non-invasive

brachial BP taken every 2

minutes over a 20 min period

Average of 20 seconds of

stable data

Unclear

Unclear

Several respiratory cycles

Unclear
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Details of the studies included in meta-analysis 2 (Appendix Table 1.8 continued)

No Measurement protocol Study exclusion criteria Same or different DBP 4" or 5
arms for Korotkoff
measurement sound

1 Simultaneous Atrial fibrillation Same Unclear

2 Simultaneous Unclear Same Unclear

3  Simultaneous Left/right arm BP difference > 10 mm Hg, valvular disease or arrhythmia Different 5t

4 Sequential (intra-arterial Acute coronary syndrome, PAD, abnormal sinus rhythm and left/right Different N/A

then brachial cuff BP) arm BP difference >3mm Hg

5  Sequential (intra-arterial Acute coronary syndrome, peripheral arterial disease, abnormal sinus Different N/A

then brachial cuff BP) rhythm and >3mm Hg pressure difference between left and right arms

6  Simultaneous Failure to measure central systolic BP, arrhythmia, severe valvular Different N/A

disease, heart failure defined as left ventricular EF <50%, left/right arm

BP difference >bmm Hg
7 Simultaneous Obesity or cardiovascular abnormalities Same 4t

8  Sequential (intra-arterial Unclear Different st
then brachial cuff BP)

9 Bundle branch block, pacemaker, severe aortic failure Different 5th
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10

11

12

13

14

15

16

17
18

Simultaneous

Simultaneous

Sequential (brachial cuff

then intra-arterial)

Sequential intra-arterial

brachial then brachial cuff

Simultaneous

Sequential (intra-arterial
then brachial cuff)

Simultaneous

Simultaneous

Simultaneous

Moderate or severe mitral/aortic valve disease, LV outflow tract
obstruction

None listed

Left/right arm BP difference > 10 mm Hg

Acute coronary syndrome, PAD, abnormal sinus rhythm and >3mm Hg

pressure difference between L/R arms

Lower extremity catheter, inability to measure non-invasive BP in the
same arm as the arterial line, lack of oscillations suitable for measurement

despite optimal fast flush test technique

Past history of hypertension or > 60 years of age. Participants were also
excluded if arm circumference exceeded brachial cuff manufacturer

recommendations (n=1) and if hypothermic (n=1)

“None of the patients had TOD or other major diseases in addition to
HTN”

>5 mm Hg difference between left and right arms.

History of peripheral arterial disease, aortic aneurysm, absent brachial or
radial pulses or known obstructive large artery atherosclerotic disease,

active malignancy, hypotension (<90 mm Hg), valvular heart disease,

Unclear

Same

Different

Different

Same

Same

Different

Different

Different

N/A

5th

N/A

N/A

N/A

N/A

5th

N/A
N/A
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known left ventricular dysfunction (ejection fraction <50%) or
arrhythmias (including frequent ventricular and supraventricular

premature beats)

19 Simultaneous Unclear Same
20 Simultaneous Unclear Same
21 Simultaneous None stated, however no participants were judged to have coronary artery Different

disease or any major risk factors.

22 Simultaneous Unclear Different

5th
5th

5th

5th

Data are presented as mean + standard deviation, range (minimum-maximum) or percentage. BP, blood pressure; DBP, diastolic BP
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Appendix Table 1.9 Details of the studies included in meta-analysis 3.

No Study n Age Male (%) Brachial cuff Intra-arterial Pressure wave capture time
(years) method measurement method

1 Aakhusetal, 1993165 28 629+99 89 Oscillometric Fluid-filled At least five cardiac cycles
(aortic)

2  Bhattetal, 2011166 98 58+12 55 Oscillometric Fluid-filled Not reported

3  Borowetal, 19821¢’ 30 6011 73 Oscillometric Fluid-filled Not reported

4  Bosetal, 1992 (group A)®° 19 63+114 84 Mercury Fluid-filled Not reported

sphygmomanometer

5  Broyd et al, unpublished 25 58.3+10.2 72 Oscillometric Fluid-filled 7-10 cardiac cycles

6  Chengetal, 2010 100 61.9+132 74 Oscillometric Micromanometer tip 30 seconds (aortic)

7 Cheng et al, unpublished 17 61.9+13.2 74 Oscillometric Micromanometer tip 30 seconds (aortic)

8  Costello et al, 2015'% 40 63.1+10.3 66 Oscillometric Fluid-filled 10-15 seconds (aortic)

9  Cremer et al, 20126° 144 60.8+12.7 66 Oscillometric Fluid-filled Mean of 5 consecutive beats
(aortic)

10 Davies et al, 20032 28 60x10 71 Oscillometric Fluid-filled Unclear

11 Dingetal, 2013%° 33 601+87 64 Oscillometric Fluid-filled At least 10 stable beats

12 Kobayashi et al, 2013 20 689%£81 65 Oscillometric Micromanometer tip Unclear
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13

14

15
16
17
18

19
20
21
22
23
24
25
26
27

Korolkova et al,
unpublished

Laugesen!!®/Rossen et al,
201449

Lin AC et al, 2012170
Lin MM et al, 2012152
Lowe et al, 2009171

Milne et al, 2015114

Nagle et al, 1966172
Nakagomi et al, 20167
Ohte et al, 2007174

Ott et al, 201217

Park et al, 201417
Pereira et al, 2014177
Picone et al, unpublished
Pucci et al, 201378

Pucci et al, unpublished

14

35
78
37

139
82

52

15
146
58
29

68.8+9.1

64.8 +10.4

64 +12
64.1+14
N/A

105+5

485+ 12
66.7 +£12.2
64.3+9.4
63.7+11
65 + 20
62.1 +£10.6
62.3 +£10.6
61 +11

68.3 +10.9

68
74
N/A

Oscillometric

Oscillometric

Oscillometric
Oscillometric
Oscillometric

Aneroid

sphygmomanometer

Auscultation

Oscillometric
Oscillometric
Oscillometric
Oscillometric
Oscillometric
Oscillometric
Oscillometric

Oscillometric

Fluid-filled

Fluid-filled

Fluid-filled
Micromanometer tip
Fluid-filled

Micromanometer tip

Fluid-filled
Fluid-filled
Micromanometer tip
Fluid-filled
Micromanometer tip
Fluid-filled
Fluid-filled
Fluid-filled
Fluid-filled

7-10 cardiac cycles

10 seconds

Unclear
20-30 beats
10 seconds

5-10 seconds

30-40 pressure pulses
At least 10 seconds
Mean of 5 cardiac cycles
Unclear

7-10 cardiac cycles

15 seconds

10 seconds

Unclear

Unclear
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28

29
30
31
32
33
34

35
36
37

38

Rajani et al, 20087°

Saul et al, 199580
Smulyan et al, 20038
Smulyan et al, 200882
Smulyan et al, 201083
Sueta et al, 20158

Takazawa et al, 2007185

Takazawa et al, 2012186
Weber et al, 2011188

Weber et al, 1999187

Williams et al, 2011189

14

97
25
100
25
85
18

52
30
36

20

74 £ N/A

59.3 £ N/A
544+124
60.4+11.9
57.2+10.9
69.8 +£10.0

61 +10

63.4+9.7
59+11

53.3+104

61 + 8.6

71

69
52
82
82
74
83

75

Oscillometric

Oscillometric
Oscillometric
Oscillometric
Oscillometric
Oscillometric

Oscillometric

Oscillometric
Oscillometric

Automatic Korotkoff

sounds

Oscillometric

Micromanometer tip

Fluid-filled
Micromanometer tip
Fluid-filled
Micromanometer tip
Unclear

Micromanometer tip

Micromanometer tip
Micromanometer tip

Fluid-filled

Micromanometer tip

At least 20 consecutive

waveforms

Unclear

Several respiratory cycles
Several respiratory cycles
Several respiratory cycles
Unclear

Mean of 10 stable consecutive
pulses immediately prior to

brachial BP measurement
10 stable consecutive pulses
3-4 minutes

10 beats (5 before oscillometric

mark on trace and 5 after)

10, ten second blocks
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Details of the studies included in meta-analysis 3 (Appendix Table 1.9 continued)

No Measurement protocol Study exclusion criteria

1 Sequential (brachial cuff then aorta then brachial cuff. Aortic valvular disease, arrhythmias, clinical signs of subclavian arterial disease (neck
Average of brachial cuff BP used in analysis) vessel murmurs or left or right arm pressure differences > 10 mm Hg)

2  Simultaneous Acute coronary syndrome, contraindication to BP cuff placement on either arm,

arrhythmia, upper extremity arterial disease.

3 Simultaneous “No patients had peripheral vascular disease”

4 Simultaneous Valvular disease, arrhythmia

5  Simultaneous Failure to obtain satisfactory intra-arterial and/or non-invasive waveforms

6  Sequential (intra-arterial aortic then brachial cuff) Acute coronary syndrome, PAD, abnormal sinus rhythm and >3mm Hg pressure

difference between L/R arms

7  Sequential (intra-arterial aortic then brachial cuff) Acute coronary syndrome, PAD, abnormal sinus rhythm and >3mm Hg pressure

difference between L/R arms

8  Sequential (oscillometric brachial then ascending aortic) ~ Unclear

9  Simultaneous Bundle branch block, pacemaker, severe aortic failure

10 Sequential (oscillometric brachial then ascending aortic)  Left radial artery easily palpated and history of subclavian or brachial stenosis
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11 Simultaneous

12 Simultaneous
13  Simultaneous

14 Sequential oscillometric brachial then ascending aortic

15 Sequential

16 Simultaneous

17  Sequential oscillometric brachial then ascending aortic

18 Sequential

Failure to measure cSP, arrhythmia, severe valvular disease, heart failure defined as
LV ejection fraction <50%, >5mm Hg difference in SBP between left and right arms

>10 mm Hg difference in brachial BP
Failure to obtain satisfactory intra-arterial and/or non-invasive waveforms

Atrial fibrillation or other cardiac arrhythmias, diagnosis of subclavian or brachial

artery stenosis

Age <30 or >80 years, atrial fibrillation or atrial flutter, aortic stenosis or aortic
regurgitation of any severity, mitral stenosis or mitral regurgitation graded more than
mild in severity, severe pulmonary hypertension, ventricular septal defect or other
significant intracardiac shunt, aortic coarctation, ventricular pacemaker, hemodynamic
instability, active ischemic symptoms, use of intravenous vasoactive or inotropic
medications, history of coronary artery bypass surgery, history of aortic valve
replacement, history of thoracic or abdominal aortic surgery and history of left

mastectomy with axillary node dissection.

Acute coronary syndrome, PAD, abnormal sinus rhythm and >3mm Hg pressure

difference between L/R arms

Cardiovascular instability causing aortic and brachial mean pressure differences of >

9mm Hg

Arrhythmia, clinical evidence of heart failure
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19
20

21
22
23
24

25
26

27

Simultaneous

Simultaneous

Simultaneous
Sequential aortic then oscillometric brachial then aortic
Simultaneous

Sequential oscillometric brachial then ascending aortic

Sequential oscillometric brachial then ascending aortic

Sequential

Sequential

Unclear

Prior coronary surgical revascularization, hemodynamically significant valvular heart
disease, left ventricular outflow tract obstruction and renal insufficiency, patients with

arrhythmias

Acute coronary syndrome, primary valvular heart disease or atrial fibrillation
Arrhythmia

Failure to obtain satisfactory intra-arterial and/or non-invasive waveforms

PAD, large artery atherosclerotic disease, aortic aneurysm, active malignancy,
hypotension - SBP<90mm Hg, valvular heart disease, LV dysfunction (EF<50%),
frequent arrhythmias

Arrhythmia, acute myocardial infarction, aortic stenosis

History of peripheral arterial disease, aortic aneurysm, absent brachial or radial pulses
or known obstructive large artery atherosclerotic disease, active malignancy,
hypotension (SBP <90mm Hg), valvular heart disease, known left ventricular
dysfunction (EF<50%) or arrhythmias (including frequent ventricular and

supraventricular premature beats)

History of peripheral arterial disease, aortic aneurysm, absent brachial or radial pulses
or known obstructive large artery atherosclerotic disease, active malignancy,

hypotension (SBP <90mm Hg), valvular heart disease, known left ventricular
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28
29
30
31
32

33
34
35
36
37
38

Sequential oscillometric brachial then ascending aortic
Sequential aortic then oscillometric brachial
Sequential (aortic then brachial cuff)

Simultaneous

Simultaneous

Simultaneous
Sequential aortic then oscillometric brachial
Sequential aortic then oscillometric brachial
Simultaneous
Simultaneous

Sequential oscillometric brachial then ascending aortic

dysfunction (EF <50%) or arrhythmias (including frequent ventricular and

supraventricular premature beats)

Atrial fibrillation, significant ventricular ectopy

Unclear

Arrhythmia, significant valvular disease or any constitutional illnesses

"More than mild valvular heart disease™, atrial fibrillation, frequent premature beats

Frequent atrial or ventricular premature beats, atrial fibrillation, significant valve

disease

Unclear

Arrhythmia

Arrhythmia, inadequate quality data

Unstable clinical conditions, arrhythmias, valvular heart disease
Upper arm >35cm, arrhythmia

Atrial fibrillation or significant valvular disease

BP, blood pressure; L/R, left/right; PAD, peripheral arterial disease; cSP, central systolic pressure; LV, left ventricle; SBP, systolic BP; EF, ejection

fraction
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Appendix Table 1.10 Reasons individual participant data was not

obtained from studies eligible for meta-analysis 1.

Studies where IPD was not sought

Reason

1. Bazaral et al, 1990%2°

Studies where IPD not provided

Corresponding author passed away,

unable to contact others

Reason

1. De Hert et al, 1994242
2. O’Rourke, 19704

3. VanBeck et al, 199324
4. Gravlee et al, 198924
5. Gravlee et al, 198924

6. Karamanoglu et al, 1993224

Author unable to access data
Author unable to access data
No response

Author unable to access data
Author unable to access data

Author unable to access data

IPD, individual participant data
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Appendix Table 1.11 Reasons individual participant data was not obtained from studies
eligible for meta-analysis 2.

Studies where IPD was not sought Reason

1. Bachmann et al, 198124 Could not find contact information

2. Baeriswyl et al, 1982248 Incorrect details available and could not find new information
3. Breitetal, 1974%% Could not find contact information

4. Fagher et al, 19942% Could not find contact information

5. Forsberg et al, 1970?% Could not find contact information

6. Ginsburg and Duncan 19692 Could not find contact information

7. He et al, 199453 Could not find contact information

8. Julien et al, 198824 Could not find contact information

9. Karlefors et al, 19662%° Could not find contact information

10. Kuwajima et al, 19907 Incorrect details available and could not find new information
11.  London et al, 196725 Could not find contact information

12.  Molhoek et al, 19847 Could not find contact information

13.  Moss et al, 19652%8 Author passed away

14.  Murray 1991%° Could not find contact information

15. Netea et al, 1998%° Incorrect details available and could not find new information
16.  Ochiai et al, 199771 Incorrect details available and could not find new information
17. Sanchez et al, 1977262 Could not find contact information

18.  Turjanmaa et al, 1988263 Could not find contact information

19.  Turjanmaa, 198925 Could not find contact information

Studies where IPD not provided Reason

1. Casadei et al, 1988%% Data unavailable to author

2. Elseed et al, 1973%¢ No response

3. Fukuoka et al, 19872 No response

4. Gould et al, 198528 Data unavailable to author
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Appendix Table 1.11 (continued)

5. Gould et al, 1986%%° Data unavailable to author
6. Graettinger et al, 19882 No response

7. Gravlee et al, 19902" Data unavailable to author
8. Groppelli et al, 1992272 Data unavailable to author

9. Holland and Humerfelt, 1964273 Data unavailable to author

10.  Hunyor et al, 19782 No response
11.  Lemson et al, 200927 Data not provided after initial contact
12.  Mejia et al, 1990%7 No response

13.  Milsom et al, 198627 Unable to assist
14.  Nielsen et al, 19742 No response
15.  Nielsen et al, 197927 No response
16.  Nielsen et al, 19837 No response
17.  Pereiraet al, 19852 No response
18.  Pitlik et al, 198628 No response
19.  Robinson et al, 198822 No response
20.  Sagiv et al, 1995283 No response
21.  Stolt et al, 1990784 No response
22.  Stoltetal, 1993%° No response
23.  Stolt et al, 1993%8¢ No response

24.  Van Egmond et al, 1993%7 No response

25.  Villani et al, 1992288 Data unavailable to author
26.  White et al, 1989289 Data unavailable to author
27.  White et al, 198920 Data unavailable to author
28.  White et al, 1990%%* Data unavailable to author
29.  Wiecek et al, 19902%2 No response

IPD, individual participant data
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Appendix Table 1.12 Reasons individual participant data was not obtained from studies
eligible for meta-analysis 3.

Studies where IPD was not sought Reason

1. Lietal, 19992% Unable to find contact information

Studies where IPD not provided

Reason

1. Alihanoglu et al, 20132% No response
2. Baguet et al, 2013%%° No response
3. Brett et al, 20122% No response
4, Choi et al, 2010 %7 No response
5. Cloud et al, 2013 No response
6. Eckert et al, 1994 28 No response
7. Eckert et al, 1996 2%° No response
8. Fleming et al, 1983 3% No response
9. Guilcher et al, 20113 No response
10. Hgegholm et al, 1992302 No response
11. Hope et al, 20048° No response
12. Horvath et al, 20103 No response
13.  Kayrak et al, 2008%% No response
14.  Kayrak et al, 2010°® No response
15.  Klaus et al, 19913% No response
16. Lehmann et al, 19983 No response
17. Park et al, 20113% No response
18.  Shangguan et al, 20158 No response
19. Sharir et al, 19933%° Data unavailable to the author
20.  Sugawara et al, 2015°%1° No response
21. Umana et al, 20067 No response
22.  Zuoetal, 2010%! No response

IPD, individual participant data

190



Appendix Table 1.13 Concordance of systolic blood pressure only classification using guideline based thresholds.

Number of subjects and percentage concordance between brachial cuff and intra-arterial brachial (panel A) and aortic (panel B) systolic blood pressure

(SBP) for classification of BP control.

A
N=735

Intra-arterial brachial systolic blood pressure

Normal Prehypertension Stage 1 hypertension Stage 2 hypertension

Brachial cuff systolic Normal

blood pressure

B
N=1823

Prehypertension
Stage 1 hypertension
Stage 2 hypertension

54 (32) 6 (4) 1(1)
77 (37) 7 (5)
51 (36)

15 (6)
0 (0) 15 (10)
0(0) 1(3)

26 (14)

Intra-arterial aortic systolic blood pressure

Normal Prehypertension Stage 1 hypertension Stage 2 hypertension

Brachial cuff systolic

blood pressure

Normal
Prehypertension
Stage 1 hypertension
Stage 2 hypertension

91 (20) 6(2) 2 (0)

125 (19) 150 (22) 14 (4)
14 (3) 96 (22) 104 (21)
1(0) 7(3) 44 (19)

Data are presented as n (%), each row adds to 100%. Linear mixed modelling was used to account for clustering of subjects within studies. Brachial cuff
SBP measurements were classified based on Joint National Committee 7 (JNC7) guidelines, and compared for concordance with classification of the
corresponding intra-arterial brachial (panel A) and aortic (panel B) SBP. The proportion of intra-arterial brachial or aortic measures concordant with
brachial cuff SBP is reported as a percentage. A value of 100% within the shaded boxes is equal to complete concordance of SBP classification.
According to JNC 7, based on SBP only, normal <120 mm Hg; prehypertension 120-139 mm Hg; stage 1 hypertension 140-159 mm Hg and stage 2
hypertension >160 mm Hg.
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Appendix Table 1.14 Univariable and multivariable analysis of clinical and demographic associations with the difference between brachial cuff
and intra-arterial brachial systolic, diastolic blood pressure and pulse pressure.

Systolic BP difference Univariable Multivariable

n=474, 9 studies Estimate 95% CI P value Estimate 95% ClI P value
Age (years) -0.1 -0.21t0-0.0 0.033 -0.067 -0.21t0 0.0 0.13
Body mass index (kg/m?) 0.4 0.2t0 0.5 <0.0001 0.33 0.2t0 0.5 0.0003
Type of brachial cuff device 8.2 0.6 to 15.7 0.034 6.38 -1.21t013.8 0.098
(O=oscillometric, 1=mercury)

Diastolic BP difference Univariable Multivariable

n=518, 12 studies Estimate 95% CI P value Estimate 95% ClI P value
Age (years) 0.08 0.02t00.1 0.014 - - -

Pulse pressure difference Univariable Multivariable

n=474, 9 studies Estimate 95% CI P value Estimate 95% ClI P value
Age (years) -0.2 -0.3t0-0.1 <0.0001 -0.16 -0.2t0-0.1 0.0002
Body mass index (kg/m?) 0.3 0.1t00.4 0.001 0.24 0.1t00.4 0.006
Type of brachial cuff device 8.4 3.0t0 13.7 0.002 5.70 -1.1t012.4 0.10

(O=oscillometric, 1=mercury)

Linear mixed modelling used to account for participant clustering within studies. BP, blood pressure; 95% CI, 95% confidence interval. Clinical and
demographic data was not available from all studies, therefore this analysis is on a subset of subjects and studies as reported in the table.
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Appendix Table 1.15 Univariable and multivariable analysis of clinical and demographic associations with the difference between

brachial cuff and intra-arterial aortic systolic, diastolic blood pressure and pulse pressure.

Systolic BP difference Univariable Multivariable

n=1225, 21 studies Estimate 95% ClI P value Estimate 95% ClI P value
Age (years) -0.2 -0.3t0-0.1  <0.0001 -0.2 -0.21t00.1 <0.0001
Sex (O=female, 1=male) 5.0 35t06.4 <0.0001 4.1 2.3t05.9 <0.0001
Heart rate (beats/min) 0.1 0.1t00.2 <0.0001 0.1 0.1t00.2 <0.0001
Body mass index (kg/m?) 0.2 0.0t00.3 0.015 0.1 -0.0t0 0.2 0.13
Measurement protocol (O=simultaneous, 1=sequential) 6.6 1.0to12.2 0.02 7.3 1.5t013.0 0.014
Diastolic BP difference Univariable Multivariable

n=1373, 25 studies Estimate 95% ClI P value Estimate  95% ClI P value
Age (years) 0.2 0.1t00.2 <0.0001 0.2 0.1t00.2 <0.0001
Sex (0O=female, 1=male) 1.2 0.2to2.1 0.021 1.3 0.3t02.2 0.008
Body mass index (kg/m?) -0.2 -0.3t0-0.1  <0.0001 -0.1 -0.2t0-0.1 0.001
Pulse pressure difference Univariable Multivariable

n=1225, 21 studies Estimate 95% ClI P value Estimate 95% ClI P value
Age (years) -0.4 -0.4t0-0.3 <0.0001 -0.3 -0.4t0-0.3 <0.0001
Sex (O=female, 1=male) 3.9 2.4105.4 <0.0001 4.1 2.7t05.5 <0.0001
Heart rate (beats/min) 0.2 0.1t00.2 <0.0001 0.2 0.1t00.2 <0.0001
Body mass index (kg/m?) 0.2 0.2t00.2 <0.0001 0.3 0.1to0.4 0.0001
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Linear mixed modelling used to account for participant clustering within studies. BP, blood pressure; 95% CI, 95% confidence interval. Clinical

and demographic data was not available from all studies, therefore this analysis is on a subset of subjects and studies as reported in the table.
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Appendix Table 1.16 Sensitivity analysis for meta-analysis 1 based on study quality

Scores.

Comparison of participant characteristics and blood pressure between maximum rated studies

(5/5) based on our study quality rating versus those studies that did not receive the maximum

rating.

Mean difference (95% CI) between P value of
non-maximum rated studies (<5) difference
and maximum rated (=5) or %

Age (years)

Male sex

Height (cm)

Weight (kg)

Body mass index (kg/m?)
Heart rate (beats/min)

Intra-arterial brachial — intra-arterial
aortic SBP, mm Hg

Intra-arterial brachial — intra-arterial
aortic DBP, mm Hg

Intra-arterial brachial — intra-arterial
aortic PP, mm Hg

Intra-arterial brachial SBP (mm Hg)
Intra-arterial aortic SBP (mm Hg)
Intra-arterial brachial DBP (mm Hg)
Intra-arterial aortic DBP (mm Hg)
Intra-arterial brachial PP (mm Hg)

Intra-arterial aortic PP (mm Hg)

12.4 (1.2 to 23.3) 0.031

72% (max rated) vs 73% (non-max 0.95
rated)

-7.8 (-15.7 t0 -0.02) 0.055
-1.1 (-13.3t0 10.8) 0.86
2.0 (0.5 to 4.4) 0.12
-3.0(-7.3t01.3) 0.18
-0.2 (-6.6 10 6.1) 0.96
1.5 (-0.2t0 3.2) 0.078
-3.0 (-9.6 10 3.5) 0.37
8.7 (0.7 to 16.5) 0.033
9.1 (-0.7 to 18.6) 0.069
2.4 (-3.0107.7) 0.38
1.0 (-3.8105.8) 0.68
7.4 (-1.1 to 15.6) 0.084
10.6 (2.2 to 18.8) 0.014

Data are mean (95% confidence interval (95% CI)) or percentage. A positive mean difference
indicates a higher value for the maximum rated studies versus the non-maximum rated
studies, whereas a negative mean difference indicates a higher value for the non-maximum
rated studies compared with the maximum rated studies. SBP, systolic blood pressure; DBP,
diastolic blood pressure; PP, pulse pressure.
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Appendix Table 1.17 Sensitivity analysis for meta-analysis 2 based on study quality
scores.Comparison of participant characteristics and blood pressure between maximum rated
studies (6/6) based on our study quality rating versus those studies that did not receive the
maximum rating.

Mean difference (95% CI) between non- P value of
maximum rated studies (=0) and maximum difference
rated (=1) or %

Age (years) -1.6 (-8.1t04.9) 0.64
Male sex 71% (max rated) vs 59% (non-max rated)  0.002
Height (cm) 2.0 (-1.7t05.7) 0.29
Weight (kg) 2.1 (-6.0 t0 10.0) 0.61
Body mass index (kg/m?) -0.2 (-3.0t0 2.5) 0.90
Heart rate (beats/min) No data in non-maximum rated studies -
Brachial cuff — intra-arterial -2.0(-6.6t0 2.4) 0.38
brachial SBP, mm Hg

Brachial cuff — intra-arterial -2.0(-5.4t01.4) 0.27
brachial DBP, mm Hg

Brachial cuff — intra-arterial -0.2 (-4.5t04.0) 0.91
brachial PP, mm Hg

Brachial cuff SBP (mm Hg) 5.0 (-7.31t0 16.9) 0.43
Intra-arterial brachial SBP (mm 6.2 (-6.1 to 18.2) 0.32
Hg)

Brachial cuff DBP (mm Hg) -1.2(-8.0t0 5.5) 0.74
Intra-arterial brachial DBP (mm 0.9 (-5.3106.9) 0.78
Hg)

Brachial cuff PP (mm Hg) 4.7 (-4.1t0 13.4) 0.30
Intra-arterial brachial PP (mm 3.0 (-5.1t0 11.0) 0.47
Hg)

Data are mean (95% confidence interval (95% CI)) or percentage. A positive mean difference
indicates a higher value for the maximum rated studies versus the non-maximum rated
studies, whereas a negative mean difference indicates a higher value for the non-maximum
rated studies compared with the maximum rated studies. SBP, systolic blood pressure; DBP,
diastolic blood pressure; PP, pulse pressure.
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Appendix Table 1.18 Sensitivity analysis for meta-analysis 3 based on study quality
scores.Comparison of meta-analysis 3 participant characteristics and blood pressure between
maximum rated studies (5/5) based on our study quality rating versus those studies that did
not receive the maximum rating.

Mean difference (95% CI) between P value of
non-maximum rated studies (=0) and difference
maximum rated (=1) or %

Age (years) -4.1 (-10.6 t0 2.2) 0.21
Male sex 72% (max rated) vs 67% (non-max 0.032
rated)
Height (cm) -4.0 (-9.9t0 1.7) 0.18
Weight (kg) -11.2 (-22.5t0-0.1) 0.053
Body mass index (kg/m?) -2.8 (-5.8100.2) 0.072
Heart rate (beats/min) -0.7 (-3.1t0 1.7) 0.57
Brachial cuff — intra-arterial aortic 2.0 (-2.0 t0 5.8) 0.33
SBP (mm Hg)
Brachial cuff — intra-arterial aortic 0.3 (-3.3t0 3.7) 0.89
DBP (mm Hg)
Brachial cuff — intra-arterial aortic 1.7 (-3.1t0 6.5) 0.48
PP (mm Hg)
Brachial cuff SBP (mm Hg) -3.2(-9.5t02.9) 0.31
Intra-arterial aortic SBP (mm Hg) -5.1(-11.2t0 0.9) 0.10
Brachial cuff DBP (mm Hg) -1.4 (-5.810 2.9) 0.52
Intra-arterial aortic DBP (mm Hg)  -1.6 (-4.7 to 1.4) 0.31
Brachial cuff PP (mm Hg) -1.2 (-6.6 t0 4.0) 0.65
Intra-arterial aortic PP (mm Hg) -2.8(-7.9t02.1) 0.27

Data are mean (95% confidence interval (95% CI)) or percentage. A positive mean difference
indicates a higher value for the maximum rated studies versus the non-maximum rated
studies, whereas a negative mean difference indicates a higher value for the non-maximum
rated studies compared with the maximum rated studies. SBP, systolic blood pressure; DBP,
diastolic blood pressure; PP, pulse pressure.
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Appendix Table 1.19 Comparison of meta-analysis 1 participant characteristics and

blood pressure between published and unpublished data

Mean difference (95% CI) or n
(%) between published studies
(=0) and unpublished studies (=1)

P value of
difference

Age (years)

Male sex

Height (cm)

Weight (kg)

Body mass index (kg/m?)
Heart rate (beats/min)

Intra-arterial brachial — intra-arterial
aortic SBP (mm Hg)

Intra-arterial brachial — intra-arterial
aortic DBP (mm Hg)

Intra-arterial brachial — intra-arterial
aortic PP (mm Hg)

Intra-arterial brachial SBP (mm Hg)

Intra-arterial aortic SBP (mm Hg)

Intra-arterial brachial DBP (mm Hg)

Intra-arterial aortic DBP (mm Hg)

Intra-arterial brachial PP (mm Hg)

Intra-arterial aortic PP (mm Hg)

416 (81%) published, 99 (19%)

unpublished
7.3(-6.9t021.1)

71%  (published)

(unpublished)
-0.6 (-8.8t0 7.5)
5.5(-2.6t0 13.4)
1.9(0.1t03.7)
-1.3 (-6.41t0 3.7)
-0.4 (-7.9t07.0)

-1.6 (-3.510 0.3)

0.4 (-7.4 t0 8.0)

4.4 (-6.6 t0 15.2)
5.0 (-7.9 to 17.6)

-2.8(-9.0t0 3.3)
1.2 (-6.810 4.2)

7.4 (-2.3t0 17.0)
7.1 (-4.2 t0 18.3)

0.31
0.20

0.90
0.19
0.043
0.62
0.92

0.10

0.93

0.43
0.45

0.38
0.66

0.13
0.22

Data are mean (95% confidence interval (95% CI)) or percentage. A positive mean
difference indicates a higher value for the unpublished studies versus the published studies,
whereas a negative mean difference indicates a higher value for the published studies
compared with the unpublished studies. SBP, systolic blood pressure; DBP, diastolic blood

pressure; PP, pulse pressure.
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Appendix Table 1.20 Comparison of meta-analysis 2 participant characteristics and
blood pressure between published and unpublished data

Mean difference (95% CI) or n P value of
(%) between published studies difference
(=0) and unpublished studies (=1)

N 648 (88%) published, 87 (12%)
unpublished

Age (years) 10.3 (-5.2 t0 24.9) 0.20

Male sex 58% (published) vs 77% 0.002

(unpublished)

Height (cm) 1.3(-4.71t07.2) 0.66
Weight (kg) 0.2 (-13.1t0 13.2) 0.98
Body mass index (kg/m?) -0.7 (-5.3 t0 3.9) 0.77
Heart rate (beats/min) -2.5(-10.8t05.7) 0.56
Brachial cuff — intra-arterial brachial -5.2 (-12.7t0 2.1) 0.17
SBP (mm Hg)

Brachial cuff — intra-arterial brachial -0.8 (-6.4 t0 4.6) 0.77
DBP (mm Hg)

Brachial cuff — intra-arterial brachial -4.1 (-10.2 to 2.0) 0.20
PP (mm Hg)

Brachial cuff SBP (mm Hg) -8.8 (-31.8 t0 13.7) 0.45
Intra-arterial brachial SBP (mm Hg) -3.6 (-27.1t0 19.4) 0.76
Brachial cuff DBP (mm Hg) -7.9 (-20.6 to 4.4) 0.22
Intra-arterial brachial DBP (mm Hg) -7.2 (-17.3t0 2.7) 0.16
Brachial cuff PP (mm Hg) -1.4 (-16.0t0 12.9) 0.85
Intra-arterial brachial PP (mm Hg) 2.4 (-10.0 to 14.6) 0.70

Data are mean (95% confidence interval (95% CI)) or percentage. A positive mean difference
indicates a higher value for the unpublished studies versus the published studies, whereas a negative
mean difference indicates a higher value for the published studies compared with the unpublished

studies. SBP, systolic blood pressure; DBP, diastolic blood pressure; PP, pulse pressure.
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Appendix Table 1.21 Comparison of meta-analysis 3 participant characteristics and

blood pressure between published and unpublished data

Mean difference (95% CI) or n (%) P value of
between published studies (=0) and  difference
unpublished studies (=1)
N 1493 (81%) published, 351 (19%)
unpublished
Age (years) 4.1(-3.8t011.7) 0.31
Male sex 68% (published) vs 73% 0.057
(unpublished)
Height (cm) 2.5(-5.0t09.9) 0.51
Weight (kg) 0.4 (-14.3to 14.7) 0.96
Body mass index (kg/m?) -0.3 (-4.0t0 3.3) 0.87
Heart rate (beats/min) -1.7(-4.9t0 1.4) 0.29
Brachial cuff — intra-arterial brachial -0.9(-6.0t0 4.1) 0.73
SBP (mm Hg)
Brachial cuff — intra-arterial brachial -1.3(-3.1t0 5.6) 0.56
DBP (mm Hg)
Brachial cuff — intra-arterial brachial -2.3(-8.3t03.7) 0.47
PP (mm Hg)
Brachial cuff SBP (mm Hg) 1.9 (-6.31t09.8) 0.66
Intra-arterial aortic SBP (mm Hg) 2.4 (-5.810 10.4) 0.56
Brachial cuff DBP (mm Hg) -1.0(-6.5t04.4) 0.72
Intra-arterial aortic DBP (mm HQ) -2.2 (-6.0t0 1.6) 0.27
Brachial cuff PP (mm Hg) 3.5(-3.0t0 10.0) 0.30
Intra-arterial aortic PP (mm Hg) 50(-14t011.2) 0.12

Data are mean (95% confidence interval (95% CI)) or percentage. A positive mean difference
indicates a higher value for the unpublished studies versus the published studies, whereas a negative
mean difference indicates a higher value for the published studies compared with the unpublished

studies. SBP, systolic blood pressure; DBP, diastolic blood pressure; PP, pulse pressure.
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Appendix Figure 1.1 Study flow diagram for systolic blood pressure in meta-analysis 1.
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in meta-analysis 2.

Formatted as recommended by the Preferred Reporting Items for Systematic reviews and Meta-
Analysis of individual participant data (PRISMA-IPD) statement.
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Appendix Figure 1.6 Study flow diagram for diastolic blood pressure and pulse pressure
in meta-analysis 3.

Formatted as recommended by the Preferred Reporting Items for Systematic reviews and Meta-
Analysis of individual participant data (PRISMA-IPD) statement.
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Appendix Figure 1.7 Agreement plot of brachial cuff DBP and intra-arterial brachial and
aortic DBP.

Plots of brachial cuff and intra-arterial brachial (top panel), and brachial cuff and intra-arterial
aortic (bottom panel) diastolic blood pressure (BP). The mean of the brachial cuff diastolic BP
and intra-arterial diastolic BP is on the x-axis and the mean difference between brachial cuff
diastolic BP and the intra-arterial diastolic BP is on the y-axis. The proportion of brachial cuff
systolic BP values within £5 mm Hg of the intra-arterial systolic BP measures is represented
by the dashed line (green), and reported under the +5 error bar. The same presentation is
provided for cuff systolic BP values within £10 mm Hg (dotted line (orange)) and +15 mm Hg
(dot-dashed line (red)). The solid black horizontal line represents the mean difference calculated

as brachial cuff — intra-arterial BP.
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Appendix 2

Appendix 2 presents information from the Online-only supplemental content from the
publication that is presented in Chapter 3 (Discovery of new blood pressure phenotypes and
relation to accuracy of cuff devices used in daily clinical practice) of this thesis. The
supplemental content was peer-reviewed as part of the overall process for journal publication.
Some parts of the original supplemental content have been integrated within Chapter 3 to

improve clarity and ease of understanding, with the remainder presented here.
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Appendix 2.1 Pucci et al methods.

29 participants undergoing diagnostic catheterization were recruited. Exclusion criteria were:
history of peripheral arterial disease, aortic aneurysm, absent brachial or radial pulses or known
obstructive large artery atherosclerotic disease, active malignancy, hypotension (SBP
<90mmHg), valvular heart disease, known left ventricular dysfunction (ejection fraction <50%)
or arrhythmias (including frequent ventricular and supraventricular premature beats). Intra-
arterial BP was recorded with a fluid-filled catheter (ACIST medical systems, Eden Prairie,
MN, USA). First, intra-arterial ascending aortic BP was recorded and then the catheter was
pulled back to the brachial artery (using a pre-defined length) in approximately 5-10 seconds.
Brachial cuff BP was measured simultaneously with intra-arterial brachial artery BP using an
Omron HEM-9000AI. This device uses the same brachial BP algorithm as the Omron HEM-

907 device, which has been validated according to international guidelines.??°
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Appendix 2.2 Expanded results.

Aortic and radial augmentation index increased stepwise across the four BP phenotypes (Table

2 of the manuscript). The following additional analysis was performed to examine whether

radial augmentation index provided information distinct from the BP phenotypes, or whether it

could be used as a non-invasive method to discriminate BP phenotypes:

1.

The relationship between aortic and radial augmentation index was strong (albeit not
perfect) when assessed across all subjects (r=0.71, p<0.0001). However, the
relationships varied substantially between the 4 phenotypes (phenotype 1, r=0.61,
p=0.0002; phenotype 2, r=0.81, p<0.0001; phenotype 3, r=0.41, p=0.038; phenotype 4,
r=0.62, p=0.0013). Thus, considerable variation in aortic augmentation index cannot be
explained by radial augmentation index.

Cuff BP was significantly increasing, or trending towards increasing, across quartiles
of radial augmentation index (Table S2 below), which was in contrast to the 4
phenotypes where there were no differences in cuff BP (nor any trends), no matter how
or when it was measured (p>0.2 all, Table 3 of the manuscript).

There was a trend for intra-arterial brachial SBP to increase across quartiles of radial
augmentation index (Table S2 below), whereas intra-arterial brachial SBP was near to
unchanged across phenotypes 1 to 4 (p=0.90, Table 2 of the manuscript).

There was a significant correlation between cuff SBP and radial augmentation index
(r=0.24, p=0.0080), whereas neither aortic-to-brachial SBP amplification nor brachial-
to-radial SBP amplification were significantly correlated with cuff SBP (r=-0.076,
p=0.41 and r=-0.0019, p=0.98, respectively).

When we tested the univariable correlations of cuff error (cuff SBP — invasive aortic
SBP) with aortic-to-brachial SBP amplification and radial Alx, there were significant
relationships (r=0.44 and r=-0.34, respectively, p<0.001 for both). However, when both
variables were entered into a multiple regression analysis, only aortic-to-brachial SBP
amplification was significantly related to the cuff error (Table S3 below).

Addition of radial Alx to the multivariable analyses in Table S4 did not significantly
alter the relationship between aortic SBP and BP phenotype.

Taken altogether, although radial augmentation index may be a useful waveform feature to help

delineate phenotypic differences irrespective of cuff BP, the level of SBP amplification

provides information that is separate and additive to that of radial augmentation index.
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Appendix Table 2.1 Intra-arterial and cuff blood pressure across quartiles of radial augmentation index.

Variable Quartile 1 Quiartile 2 Quiartile 3 Quartile 4 P-value
Aortic SBP 124+15 125+21 133+16 144124 0.00022
Brachial SBP 139+16 133+21 138+15 147+24 0.065
Aortic-brachial SBP amplification 15.6+10.1 8.2+8.5 5.2+6.4 2.945.1 <0.0001
Brachial-radial SBP amplification 11.8+9.3 9.2+10.9 3.4+8.3 -2.3+7.4 <0.0001
Aortic PP 55+17 59+1 63+16 75%19 0.00016
Brachial PP 73+16 69+18 69+15 79+19 0.081
Cuff SBP (simultaneous with intra-arterial brachial) * 127+15 128+16 130£13 138+22 0.062
Cuff PP (simultaneous with intra-arterial brachial)*  53+10 55+13 55+10 62+16 0.020

SBP, systolic BP; PP, pulse pressure. Data are meanzstandard deviation. *n=122. Units for SBP, SBP amplification and PP are

mmHg. P-value calculated by analysis of variance.
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_Appendix Table 2.2 Multiple linear regression on the associations with cuff systolic blood pressure error

(cuff — intra-arterial aortic systolic blood pressure).

Variable B (95%Cl) P-value
Aortic-brachial SBP amplification 0.43 (0.20 to 0.65) 0.00044
Radial augmentation index -0.12 (-0.30 to 0.057) 0.20

SBP, systolic blood pressure. Adjusted R?=0.19, p<0.0001.
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